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As correctly indicated in the Office Action Summary, claims 9, 10 and 12 are pending 
in the application and are under consideration. 
Rejection over Blache and Nevia 

Claims 9, 10 and 12 have been newly rejected under 35 U.S. C. § 103 as allegedly 
being unpatentable over U.S. Patent Number 5,523,322 ("Blache") in view of Neiva et al., 
Brazilian Journal of Medical and Biological Research, 30:599-604, 1997 ("Nevia"). The 
rejection is traversed. 

The prior art fails to establish a proper prima facie case of obviousness. To establish 
a prima facie case of obviousness, three basic criteria must be met. First, there must be some 
suggestion or motivation, either in the references themselves or in the knowledge generally 
available to one of ordinary skill in the art, to modify the reference or to combine reference 
teachings. Second, there must be a reasonable expectation of success. Finally, the prior art 
reference (or references when combined) must teach or suggest all the claim limitations. 
M.P.E.P. § 2143. 

The cited references fail to establish a prima facie case of obviousness when properly 
considered in the context of the state of the art at the time the present application was filed, 
because the state of the art as a whole would not have suggested the proposed combination or 
provided the person of ordinary skill in the art with a reasonable expectation of success. 

The totality of the prior art must be considered, and proceeding contrary to accepted 
wisdom in the art is evidence of nonobviousness. In re Hedges, 783 F.2d 1038, 228 USPQ 
685 (Fed. Cir. 1986); Manual of Patent Examination Procedure § 2145. It is impermissible to 
first ascertain factually what applicants did and then view the prior art in such a manner as to 
select from the random facts of that art only those which may be modified and then utilized to 
reconstruct applicant's invention from such prior art. See, e.g., Interconnect Planning Corp. 
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v. Feil, 227 U.S.P.Q. 543, 550 (Fed. Cir. 1985); see also, In re Shuman, 150 U.S.P.Q. 54, 57 
(C.C.P.A 1966). 

In asserting this rejection, the Office has proposed a combination of teachings that 
would not have been accepted by a person of ordinary skill in the art at the time that the 
present application was filed. The Office alleges that Blache teaches a method of inhibiting 
blood platelet aggregation with compounds of the kind recited in the present claims. The 
Office acknowledges that Blache does not teach a method of treating a disease recited in the 
present claims. The Office alleges that Nevia teaches that that platelet aggregation occurs in 
Alzheimers patients. The Office wrongly alleges that this teaching would make it obvious to 
treat Alzheimer's disease using the compounds taught by Blache. 

By the time that the Blache application was first filed in 1993 it was established that 
there was no link between the platelet aggregation which could cause vascular problems and 
the development of symptoms of Alzheimer's disease. The Consortium to Establish a 
Registry for Alzheimer's Disease (CERAD) was already in place (since 1986) and its purpose 
was to develop brief, standardized and reliable procedures for the evaluation and diagnosis of 
patients with Alzheimer's Disease and other dementias of the elderly. The first results of 
CERAD and the various teams of the Consortium displayed clearly that "...in 
neuropathologic study of patients clinically diagnosed as having Alzheimer's disease, ... only 
two of 150 cases showed a purely vascular basis of dementia" See, Mirra et al., Neurology, 
41 :479-86, 1991 (attached as Exhibit A). In considering the only two cases of vascular 
dementia that had been found among Alzheimer's Patients, it must be remembered that 
simply having a vascular involvement in a dementia patient does not automatically mean a 
blood-platelet aggregation problem. 
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In accordance with the CERAD findings and the state of the art in 1993 with regards 
to Alzheimer's disease, the inventors of Blache did not consider the possibility of treating 
Alzheimer's with their compounds for inhibiting blood platelet aggregation. They focused 
their disclosure on a method of inhibiting blood platelet aggregation "for the treatment or 
prevention of arterial thrombotic complications (cerebral vascular injury, myocardial 
infarction) or venous thrombotic complications (phlebitis) and any vascular injury connected 
with artherosclerosis (in particular cerebral), in the treatment and the prevention of ischemic 
injuries, in the treatment of blood platelet disorders" (Blache col. 1, lines 64-67, col. 2 lines 
1-3). 

Contrary to the allegation of the Office, in 1997 the authors of Nevia did not, in fact, 
show that "...platelet aggregation occurs in Alzheimer's Disease..." Rather, Nevia states that 
"Aluminum intoxication is thought to play a major role in the development of Alzheimer's 
disease and in certain pathologic manifestations arising from long-term hemodialysis" 
(abstract, 1 st sentence) and that "aluminium overload is frequently associated with 
neurological disorders such as Alzheimer's encephalopathy, amyotrophic lateral sclerosis 
and aging" (Introduction, 1 st paragraph). Nevia reports no measurement of platelet 
aggregation in patients with Alzheimer's disease. The conclusion of the authors of Nevia is 
that aluminum "induces oxidative stress in platelets, stimulating lipoxygenase activity in 
these cells and promoting their aggregation". This reflects the former belief in the field that 
Alzheimer's disease was caused by aluminum exposure, but that hypothesis had been 
completely excluded by the time of the present invention. See, e.g. Mirra et al. 1991 whole 
article (Exhibit A supra), and Cummings et al. Neurology, 51:S2-S17, 1998 (attached as 
Exhibit B). 
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In 1998, it was known that "...less than l%of pathologically-defined Alzheimer's 
disease cases show major vascular involvement" See, Smith M. A., J Chem Neuroanatomy, 
16:35-41, 1998 (attached as Exhibit C). As stated above, a vascular involvement does not 
automatically mean an implication of blood platelet aggregation. The review by Cummings 
et (Exhibit B, supra) states that "Currently available Alzheimer's disease-specific therapies 
are of two types: symptomatic approaches based on enhancement of cholinergic function, 
and neuroprotective approaches utilizing antioxidant agents" Cummings, at SI 2, 2 nd column, 
2 nd paragraph. 

In 1999 the accepted wisdom with regards to Alzheimer's disease was that "oxidative 
imbalance and stress are key elements in the pathogenesis of Alzheimer's disease" See, Smith 
et al., JHistochem Cytochem, 46:731-35, 1998 (attached as Exhibit D). In the CNS, 
peroxynitrite (product of the reaction between nitric oxide and superoxide) which is a strong 
oxidizing and nitrating is known to be responsible for neuronal damages. Peroxynitrite can be 
generated by microglial cells activated by pro-inflammatory cytokines or p-amyloid peptide 
and by neurons in three different situations: hyperactivity of glutamate transmission, 
mitochondrial dysfunction and depletion of L-arginine or tetrahydrobiopterin. See, Torreilles 
et al., Brain Research Reviews, 30:153-63, 1999 abstract (attached as Exhibit E). By 1999, it 
was known and proved that aluminum intoxication could not explain the physiopathology of 
Alzheimer's disease even if epidemiological evidence suggests that elevated levels of 
aluminum in brain tissue may be linked to progression of Alzheimer's disease. By 1999, no 
published article showed any direct link between platelet aggregation problems and 
Alzheimer's disease. 

Thus, the state of the art in 1 999 would have regarded the hypothesis attributed to 
Nevia by the Office as contrary to the accepted wisdom and there would not have been any 
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motivation or suggestion to arrive at the present invention by combining Nevia with Blache 
as the Office has alleged. Moreover, if a person of ordinary skill in the art were motivated to 
try a treatment based upon the Office's reading of unproven speculation in Nevia, it would 
not have been obvious to choose the compounds of the present invention. It must be noted 
that in 1999, a great many platelet aggregation inhibitors were known, so that following the 
Office's logic in combining Blache in view of Nevia, one might have tried to treat 
Alzheimer's disease with any of the myriad of platelet aggregation inhibitors that were 
known. But that was never done and would not have produced the results that are produced 
by the present invention. 

Because in 1999 it was accepted wisdom in the art that Alzheimer's disease was not 
caused by platelet aggregation problems but due to many other causes among which senile 
plaques in the extra cellular space and neurofibrillary tangles within vulnerable neurons, it 
would not have been obvious for one skilled in the art to implement a method for the 
treatment of Alzheimer's disease using a compound able to inhibit blood-platelet aggregation. 

The compounds of the invention acts on the hyperactivity of glutamate transmission. 
In 1999, the discovery of the present invention was novel and far from obvious. The 
antiglutamatergic properties of the compounds of the invention were surprisingly discovered 
by Maurice Israel and his team and in consideration of these surprising properties, they 
decided that the compounds of the invention could become disease modifying drugs for 
conditions and diseases were the glutamate transmission is affected. 

For at least the foregoing reasons, the rejection is improper and should be withdrawn. 
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Rejection over Blache and Neu 

Claims 9, 10 and 12 stand rejected under 35 U.S.C. § 103 as allegedly unpatentable 
over U.S. Patent Number 5,523,322 ("Blache") in view of Neu et al., Acta Neurol. Scandinav. 
66:497-504, 1982 ("Neu"). The rejection is traversed. 

Blache is discussed above. Neu is alleged to teach that platelet aggregation occurs in 
Multiple Sclerosis (MS) patients. The Office erroneously concludes that this teaching would 
make it obvious to treat MS using the compounds taught by Blache. 

The authors of Neu worked on Putnam's "vascular hypothesis for multiple sclerosis". 
Their postulate is that studies were made on platelet adhesiveness but almost nothing was 
published on platelet aggregation in MS patients. They performed measurements on 30 MS 
patients. Their conclusion is that "...MS patients showed a (significantly) increased ADP- 
and serotonin-induced platelet aggregation. " This is not a measurement of platelet 
aggregation in a native biological system (spontaneous aggregation) but in an induced system 
(via ADP or serotonin). Regarding spontaneous aggregation, the authors asserted that "An 
increased tendency to spontaneous aggregation of the blood platelets of MS patients could 
also be demonstrated". They merely hypothesized that spontaneous aggregation could be 
demonstrated but they don't show it! Their conclusion is that "Neither the results of our own 
investigations provide a conclusive answer to the question of whether the platelet alterations 
in MS patients are epiphenomena of multiple sclerosis, or whether they are independent, 
pathogenetically relevant phenomena" Neu at 503, §(1). 

A review by McKhann in 1982 gives a good overview of the state of the art in MS at 
the time Neu was published. McKhann, Ann. Rev. Neurosci., 5:219-39, 1982 (attached as 
Exhibit F)("The pathological analysis indicates a selective disease process with loss of 
myelin and oligodendroglia ... there remains the possibility that there is more generalized 
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involvement of white matter or blood vessels") Neu was published in 1982 and as of 1999, 
there was no confirmation of Neu's hypothesis. No direct link was established between 
platelet aggregation problems and the development of MS even if there might be some 
vascular involvement in symptoms of MS. 

In the late 80's, two theories were popular in the scientific and medical fields: the 
infection cause (probably viral) and the autoimmune cause. It the early 90 's it was 
established that MS is a demyelinating disease of the white matter of the CNS in which 
myelin and other related compounds are destroyed. The autoimmune theory was favored 
because of several new studies and data. Merrill et al., West J. Med., 156:639-46, 1992 
(attached as Exhibit G). By the time that that the first Blache application was filed in 1993 it 
was already established that there was no direct link between the platelet aggregation which 
could cause vascular problems and the development of symptoms of MS. According to those 
results and the state of the art in 1993, the inventors of Blache focused their invention on a 
method of inhibiting blood platelet aggregation "for the treatment or prevention of arterial 
thrombotic complications (cerebral vascular injury, myocardial infarction) or venous 
thrombotic complications (phlebitis) and any vascular injury connected with artherosclerosis 
(in particular cerebral), in the treatment and the prevention of ischemic injuries, in the 
treatment of blood platelet disorders" Blache col. 1, lines 64-67, col. 2 lines 1-3. 

In 1993, Blache would have had the benefit of Neu's 1982 publication of their 
hypothesis. The fact that Blache et al. does not even mention MS shows that the teachings of 
Neu would have been given no consideration by persons of ordinary skill in the art in 
possession of a compound capable of inhibiting platelet aggregation. In 1993, if it was 
obvious for one skilled in the art that the compounds of the invention described in Blache 
were potential drug candidates for the treatment of MS, Blache et al. would not have missed a 
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chance to claim patent rights on such a promising market. The Blache patent application was 
filed by Roussel-UCLAF which is now a part of the Sanofi Aventis Group, an organization 
skilled in the art of searching and developing treatments for neurological diseases among 
which MS. 

In 1996, in an article entitled "Multiple Sclerosis Treatment" by Andersson et al. West 
J Med, 1996 (attached as Exhibit H), the patients were treated for each symptom with: 
glucocorticosteroids and corticotrophin during acute exacerbations, bacoflen and physic 
exercises for spasticity, anticholinergic agents for bladder symptoms, dietary adjustments for 
bowel symptoms, amantadine hydrochloride, pemoline or fluoxetine hydrochloride for 
fatigue, antidepressant for depression (eg. amitriptyline, fluoxetine), tricyclic antidepressant 
(eg. amitriptyline) for pain syndromes, clonazepam for tremor and ataxia. In 1999 according 
to a better knowledge of the development of the pathology the drugs believed to act on the 
course of the disease were interferon beta. See, Lamer et al., British Medical Journal, 319- 
362-6, 1999 at 363 1 st column (attached as Exhibit I) and anti-inflammatory drugs See, Parish 
et al., Immunology and Cell Biology, 76:104, 1998 abstract only (attached as Exhibit J). 

In line with the state of the art in 1999, no drugs approved to treat MS were directed 
to regulation of platelet aggregation or intended to act on any vascular problem. Rudick, 
Arch. Neurol., 56:1079-84, 1999 (attached as Exhibit K) in its article entitled "Disease- 
Modifying drugs for relapsing-remitting MS and future directions for MS therapeutics" gives 
an overview of the state of the art with regards to disease modifying therapies for MS back in 
1999. Table 1 (page 1080) lists the drugs approved by the FDA. 

The compounds of the invention act on the hyperactivity of glutamate transmission. 
The antiglutamatergic properties of the compounds of the invention were surprisingly 
discovered by Maurice Israel and his team and is consideration of these surprising properties, 
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they decided that the compounds of the invention could become disease modifying drugs for 
all conditions and diseases were the glutamate transmission is affected. 

Furthermore, if the logic of the Office in the proposed combination were followed by 
a person of ordinary skill in the art, they might have tried to treat MS with any of the myriad 
known platelet aggregation inhibitors. However, doing so would not have produced the 
results of the presently claimed invention, because platelet aggregation is not a critical factor 
in MS. Even if the cause(s) of MS remains unknown, it was established in the art before 
1999 that platelet aggregation problems can't explain the complex physiopathology of MS. 
MS is thought to be an autoimmune pathology which involves a genetic susceptibility but is 
not directly inherited. Consequently it would not have been obvious for one skilled in the art 
to implement a method for the treatment of MS using a compound able to inhibit blood- 
platelet aggregation. 

When the totality of the state of the art s given due consideration, it is clear that the 
presently claimed invention would not have been obvious in view of the cited art. There 
would have been no genuine suggestion or reasonable expectation of success in performing 
the claimed method. Therefore, the rejection should be withdrawn. 

Rejection over Blache and Lechner 

Claims 9, 10 and 12 stand rejected under 35 U.S.C. § 103 as allegedly unpatentable 
over U.S. Patent Number 5,523,322 ("Blache") in view of Lechner et al., Weiner 
medizinische Wochenschrift, 136:387-91, 1986 ("Lechner"). The rejection is traversed. 

Blache is discussed above. Lechner is alleged to teach that platelet aggregation 
occurs in Parkinsonism patients. The Office erroneously concludes that this teaching would 
make it obvious to treat Parkinson's Disease (PD) using the compounds taught by Blache. 
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In the late 60's and early 70's high dose oral levodopa therapy was established as the 
most effective therapy ever found for PD. The authors of Lechner report results of a study on 
a particular group of PD patients with a vascular risk. The term "Lechner-Ott-Syndrom" is 
not found in the general literature on PD, only Lechner himself published few articles 
directed to the "Lechner-Ott-Syndrom." In this article Lechner states that ". . .zwischen 85 
und 90% des anfallenden Krankengutes dem idiopathischen Parkinson zugeordnet zu 
werden.. Lechner at page 387, §2. This means that almost 90% of the PD population is 
diagnosed with idiopathic PD. Idiopathic PD is the most common form of Parkinsonism, and 
is not attributed to vascular causes. Even the maximum of about 10% that can be diagnosed 
with ischemic PD, also called vascular parkinsonism, does not mean that these patients have 
platelet aggregation problems. The commonly accepted clinical features of vascular 
parkinsonism are different from those of idiopathic PD. 

Lechner preceded Blache by several years, so that Blache would have had the benefit 
of Lechner's paper at the time the Blached application was filed. In 1993, when the earliest 
Blache application was filed, it was already known that PD was caused by the loss of 
dopaminergic neurons in the substantia nigra pars compacta. The patients were still treated 
with levodopa and other treatment strategies (potentiation of levodopa effects, prevention or 
delay neuronal cell death) were studied. None of the treatments studied at the time of the 
Blacu was directed to inhibition of platelet aggregation because PD is not a vascular problem. 
See, e.g. Marsden, Lancet, April 21, 1990, pp. 948-52 (attached as Exhibit L). In the early 
90 's, accepted wisdom in the art was that "Research into Parkinson s disease in the next 
decade will centre on improvements in neuroprotective treatment to prevent or slow the rate 
of progression of the disease; methods of protection against free radical damage; the role of 
excitatory amino acid antagonists, and specific methods of delivery of such agents to the 
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brain; and early diagnosis for the most effective use of neuroprotective agents." Id. at 95 1, 
2 nd paragraph. 

In 1996 Montastruc et al. stated that ''Although levodopa remains the 'gold standard' 
in the treatment of the disease... several neuroprotective drugs are now in development in 
experimental research..." Montastruc et al., Drugs and Aging, 9:169-84, 1996 at 169 
(attached as Exhibit M). It is still believed that a neuroprotective approach could be a good 
way of treatment of PD. An article by Poewe et al. demonstrated that the contemporary 
studies in the late 1990's were directed to the ". . .development of neuroprotective strategies 
that would modify the progression of disease." Poewe et al., Ann Neurol., 44:S1-S9, 1998 at 
§1 (attached as Exhibit N). The neuroprotective agents expected to give results are 

. .antioxidants including vitamine C, tocopherol and deprenyl, as well as antiglutamate 
agents including amantadine, dopamine agonists and neuronal growth factors" Id. at S5, §2. 
There is also a good clinical review of the predicted developments in PD from 1999 stating 
that "clinical trials of new drugs with neuroprotective and neurorescue properties are in 
progress." Schapira et al., British Medical Journal, 318:31 1-14, 1999 at 31 1 (attached as 
Exhibit O) 

At the time of the present invention, it was accepted wisdom that PD should be treated 
with neuroprotective agents. It would have been contrary to the accepted wisdom to proceed 
as the Office has proposed. Even if the logic of the Office in the proposed combination were 
followed by a person of ordinary skill in the art, they might have tried to treat PD with any of 
the myriad known platelet aggregation inhibitors. However, doing so would not have 
produced the results of the presently claimed invention, because platelet aggregation is not a 
cause of PD. 
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The compound of the invention acts on the hyperactivity of glutamate transmission. In 
1999 The antiglutamatergic properties of the compounds of the invention were surprisingly 
discovered by Maurice Israel and his team and is consideration of these surprising properties, 
they decided that the compounds of the invention could become disease modifying drugs for 
all conditions and diseases were the glutamate transmission is affected. 

Because PD is not due to platelet aggregation problems but to many other causes 
among which the degeneration of dopamine-producing nerve cells in the brain, specifically in 
the substantia nigra and the locus coeruleus (PD patients have lost 80% or more of their 
dopamine-producing cells by the time symptoms appear), it would not have been obvious for 
one skilled in the art to implement a method for the treatment of PD using a compound 
disclosed as able inhibit blood-platelet aggregation. 

When the totality of the state of the art is given due consideration, it is clear that the 
presently claimed invention would not have been obvious in view of the cited art. There 
would have been no genuine suggestion or reasonable expectation of success in performing 
the claimed method. Therefore, the rejection should be withdrawn. 

CONCLUSION 

In view of the foregoing, further and favorable action in the form of a Notice of 
Allowance is believed to be next in order. Such action is earnestly solicited. 

In the event that there are any questions relating to this application, it would be 
appreciated if the Examiner would telephone the undersigned concerning such questions so 
that prosecution of this application may be expedited. 

The Director is hereby authorized to charge any appropriate fees that may be required 
by this paper, and to credit any overpayment, to Deposit Account No. 02-4800. 
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The Consortium to Establish a Registry 
for Alzheimer's Disease (CERAD). 

Part II* Standardization of the neuropathologic assessment 

of Alzheimer's disease 

S.S. Mirra, MD; A. Heyman, MD; D. McKeel, MD; S.M. Sumi, MD; B J. Crain, MD, PhD; 
L.M. Brownlee, BChE, MD; F.S. Vogel, MD; J.P. Hughes, MS; G. van Belle, PhD; L. Berg, MD; 
and participating CERAD neuropathologists* 



ft Article abstract— The Neuropathology Task Force of the Consortium to Establish a Registry for Alzheimer s Disease 

fg (CERAD) has developed a practical and standardized neuropathology protocol for the postmortem assessment of dementia and 

|: control subjects. The protocol provides neuropathologic definitions of such terms as "definite Alzheimer s disease (AD), 

H "probable AD," "possible AD," and "normal brain" to indicate levels of diagnostic certainty, reduce subjective interpretation, 

I and assure common language. To pretest the protocol, neuropathologists from 15 participating centers entered mformation on 

§ autopsy brains from 142 demented patients clinically diagnosed as probable AD and on eight nondemented patients. Eighty-four 

P percent of the dementia cases fulfilled CERAD neuropathologic criteria for definite AD. As increasingly large numbers of 

I prospectively studied dementia and control subjects are autopsied, the CERAD neuropathology protocol will help to refine 

V: diagnostic criteria, assess overlapping pathology, and lead to a better understanding of early subclinical changes of AD and 
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The Consortium to Establish a Registry for Alzheimer's 
Disease (CERAD), a multicenter study, has developed 
brief, comprehensive, and reliable clinical and neuropsy- 
chological batteries for assessment of patients clinically 
diagnosed as having probable Alzheimer's disease (AD) as 
Morris et al 1 recently reported. This current paper re- 
ports the subsequent development of a practical standard- 
ized protocol for the neuropathologic evaluation of au- 
topsy brains of demented and control subjects. A task 
force of neuropathologists from nine university medical 
centers in the United States was formed to achieve the 
following immediate objectives: (1) to create a neu- 
ropathology protocol' consisting of an illustrated 
guidebook and data entry form, 2 (2) to facilitate the entry 
of neuropathologic findings into the CERAD information 
system to be linked with clinical information on demented 
and cognitively normal subjects, and (3) to establish a 
mechanism for the continual refinement of the protocol to 
reflect new technical and scientific developments. 

The long-range goals of the protocol are to produce 
more accurate and reliable neuropathologic criteria for 



AD, to determine the neuropathologic spectrum of AD, 
and to establish the types and frequency of other disor- 
ders coexisting with AD or occurring alone. The pro- 
tocol is not intended to characterize each case defini- 
tively. It is designed instead to provide a simple, easily 
understood, and uniform approach that will indicate 
levels of diagnostic certainty, reduce subjective inter- 
pretation, and assure common language. Consequently, 
it is particularly valuable as a framework for the docu- 
mentation of neuropathologic data on "borderline" 
cases, eg, demented subjects with few neocortical 
plaques or tangles, or, conversely, nondemented cases 
with neuropathologic evidence of AD. 

To pretest the protocol, neuropathologists from 15 
CERAD centers submitted neuropathology data from 
142 consecutive brain autopsies on patients clinically 
diagnosed at their institutions as having probable AD 3 
and on eight subjects who had no evidence of cognitive 
impairment or neurologic disease. This report describes 
the CERAD neuropathology protocol and presents the 
findings from these 150 autopsies. 
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Figure 1. This diagram of the lateral surface of the brain 
illustrates the areas of neocortex from which recommended 
neocortical sections are taken. 



Methods. Description of the CERAD neuropathology pro- 
tocol Gross findings. The data entry form documents avail- 
ability of brain and spinal cord tissue, brain weight, and the 
presence of any gross abnormalities in brain, spinal cord, or 
meninges. The degree of regional neocortical atrophy and 
ventricular enlargement, if any, is rated semiquantitatively 
(none, mild, moderate, severe). The presence or absence of 
atrophy of the hippocampus and entorhinal cortex as well as 
pallor of the substantia nigra and locus ceruleus are also re- 
corded. The cerebral blood vessels are examined grossly for 
atherosclerosis or significant obstruction and aneurysms or 
other anomalies. The number, size, frequency, distribution, 
and laterality of lacunar and large infarcts as well as hemor- 
rhages are also recorded. 

Microscopic preparations. A minimum of five anatomic 
regions are designated for microscopic study. Requisite sec- 
tions include middle frontal gyrus, superior and middle tem- 
poral gyri, inferior parietal lobule, hippocampus and 
entorhinal cortex, and midbrain, including the substantia 
nigra. Guidelines for the neocortical regions from which the 
sections are taken are provided (figure 1). Most of the centers 
participating in this CERAD study routinely sample addi- 
tional areas of the brain as part of their evaluations. 

The neuropathology guidebook recommends that paraffin - 
embedded sections be cut at a thickness of 6 to 8 micrometers. 
In addition to hematoxylin-eosin or other general stains, a 
sensitive silver stain such as the modified Bielschowsky 
method is recommended for the detection of senile plaques 
and neurofibrillary tangles. (Use of the Bodian preparation is 
not recommended.) The fluorescent thioflavine S preparation 
viewed under ultraviolet light is accepted as an alternative 
stain for plaques and tangles as well as for cerebral amyloid. 
The Congo red stain also may be used for evaluating cerebral 
amyloid. More conventional or traditional histopathologic 
methods were deliberately recommended as these are used in 
virtually all neuropathology laboratories. Many laboratories, 
of course, supplement these techniques with immu- 
nocytochemical procedures that may enhance detection of 
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Figure 2. Senile plaques (neuritic) per 100X microscopic 
field. This cartoon provides a guide to semiquantitative 
assessment of plaque density per square millimeter. 

pathologic changes, such as amyloid deposition using beta/A4 
antibodies and Lewy bodies using antiubiquitin or other anti- 
bodies. 

CERAD diagnostic neuropathology criteria for AD. These 
diagnostic criteria are based upon the semiquantitative as- 
sessment of neocortical senile plaques of the neuritic type, ie, 
those with thickened silver-positive neurites. Presently, the 
protocol does not require specification of the number or pro- 
portion of diffuse plaques, ie, plaques without discernible ab- 
normal neurites or fibrillar amyloid (also known as "very 
primitive," "amorphous," or "amyloid"); both neuritic and 
diffuse plaques label positively with the beta- A4 amyloid pro- 
tein antibody. 4 * 10 The pathogenesis and clinical significance of 
different plaque types remain controversial. Some neu- 
ropathologists believe that diffuse plaques are more com- 
monly encountered in nondemented elderly individuals 
whereas neuritic plaques are more characteristic of AD 4 ; oth- 
ers observe that diffuse plaques are the commonest type en- 
countered in AD. 10 Moreover, the morphologic distinction 
between plaque type is not always clearcut, and less sensitive 
staining methods may not detect diffuse plaques. 11 Future 
modifications of the neuropathology protocol will reflect the 
evolving understanding of the importance of plaque subtype. 

The CERAD neuropathologic diagnosis is derived from a 
three-step process: 

Step 1. In order to encourage participation, standardize 
observations, and avoid time-consuming counts, neu- 
ropathologists are first asked to make semiquantitative as- 
sessments of the frequency of senile plaques and neurofibril- 
lary tangles in the neocortex in areas of maximum density. 
The overall degree of vascular amyloid deposition and the 
proportion of plaques containing amyloid cores are also noted. 
Micrographs and cartoon illustrations representing examples 
of mild, moderate, and severe plaque frequencies are provided 
as guides (figure 2). 
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Table 1. Age-related plaque scores* 



Age of pt 

at death 

(yrs) None 



Frequency of plaqnesf 



Sparse Moderate Frequent 



<50 

50-75 

>75 



C 
B 
A 



C 
C 
B 



C 
C 
C 



* An age-related plaque score is determined using patient's age along with 
plaque frequency in the most heavily affected neocortical section. 

t Based on section of frontal temporal, or parietal cortex with maximum 
involvement 

For purpose of this protocol, the letter circled corresponds to the following 
assessment: 

0 «* NO histologic evidence of Alzheimer's disease. 
A = Histologic findings are UNCERTAIN evidence of Alzheimer's 
disease. 

B - Histologic findings SUGGEST the diagnosis of Alzheimer's 
disease. 

C = Histologic findings INDICATE the diagnosis of Alzheimer's 
disease. 



Table 2. Neuropathology diagnosis: Diagnostic 
criteria for Alzheimer's disease 



Step 2. An age-related plaque score is then determined by 
combining the age of the patient at death and the semiquan- 
titative measure of plaques in the most severely affected re- 
gion of the neocortex (table 1) . 

Step 3. This score is then integrated with clinical informa- 
tion regarding the presence or absence of dementia to deter- 
mine the level of certainty of the diagnosis of AD (table 2). The 
terms "definite," "probable," and "possible AD" refer here 
only to the neuropathology diagnoses and should not to be 
confused with the NENCDS/ADRDA criteria for the clinical 
diagnosis of AD. 3 

Evaluation of other pathologic findings. In addition to the 
gross examination for evidence of cerebrovascular disease de- 
scribed earlier, microscopic features are also assessed. These 
include the presence and distribution of microinfarcts, white 
matter pallor without obvious associated vascular disease, and 
pallor of myelin associated with microinfarcts and arterio- 
arteriolarsclerosis, a condition sometimes called "Bin- 
swanger's disease." 

Because changes associated with Parkinson's disease are 
frequently present in patients with AD, 20 22 the substantia 
nigra is evaluated for Lewy bodies, neuronal loss, gliosis, ex- 
traneuronal neuromelanin*. and neurofibrillary tangles. The 
frequency of Lewy bodies is scored on a four-tiered system 
assessing the number of neurons containing one or more Lewy 
bodies in a single section through the substantia nigra. The 
presence of Lewy bodies is also determined in other regions 
such as brainstem and cortex. Although there is no uniformly 
accepted neuropathologic definition of Parkinson's disease, 
working definitions were established using the criteria listed 
in table 3. 

Ranking of disorders contributing to dementia. Finally, 
the pathologist is asked to list all neuropathologic diagnoses 
and to rank all those considered to have contributed to the 
dementing process. 

Pretest of protocol. The CERAD neuropathology protocol 
has been pretested by neuropathologists from 15 participating 
centers. The 150 autopsy brains examined for this purpose 
were derived from patients from the following three entry 
groups: Group 1 consisted of 10 subjects enrolled into CERAD 
clinical studies with clinical diagnoses of probable AD (nine 
cases) or as control subjects (one case); in this group, CERAD 
clinical and neuropsychological batteries had been admin- 
istered to all subjects. Group 2 included 133 non-CERAD- 



Normal 

(with respect to AD or 
other dementing 
processes) 



(choose one) 



Definite 



No histologic evidence of 
Alzheimer's disease (0 score), 
and no clinical history of 
a dementia, and absence of other 
neuropathologic lesions likely to 
cause dementia 

An "A" age-related plaque score 
b and no clinical history of 
dementia 

A history of dementia and 
C absence of any neuropathologic 
lesions likely to cause dementia 

"C" age-related plaque score, 
and clinical history of 
dementia, and presence or 
absence of other 

neuropathologic lesions likely to 
cause dementia 

"B" age-related plaque score, 
and clinical history of 
dementia, and presence or 
absence of other 
neuropathologic disorders likely 
to cause dementia 

"A" age-related plaque score, 
and clinical history of 
dementia, and presence or 
absence of other '. 
neuropathologic lesions that 
could cause dementia 
<f B" or "C" age-related plaque 
b score and absence of clinical 
manifestations of dementia 

* Not to be confused with the NINCDS-ADRDA clinical criteria 
(McKhann et a), Neurology 1984;34:939-944). 

The age-related plaque score is integrated with the presence or absence 
of a clinical history of dementia to arrive at a diagnostic level of cer- 
tainty with regard to Alzheimer's disease. 



CERAD NP probable* 



CERAD NP possible* 



(choose one) 



assessed individuals for whom the clinical diagnosis of proba- 
ble AD was made after thorough evaluation by CERAD cen- 
ter-affiliated physicians but not necessarily by using CERAD 
clinical methods. (These cases were included to provide the 
opportunity for the neuropathologists to become familiar with 
the protocol and to insure case material for study during the 
early phases of this program. As the CERAD longitudinal 
samples have increased, group 2 subjects are no longer being 
entered in the database.) Group 3 included seven non- 
CERAD-assessed control subjects, ie, individuals over 50 
years of age and free of CNS disorders who were examined by 
experienced physicians at CERAD centers and found to have 
no evidence of cognitive impairment within a year of death. 
To avoid bias in case selection, only consecutively accessioned 
autopsy cases fulfilling the above criteria were accepted. 

Analysis of data. All of the completed neuropathology data 
forms were reviewed by one of us (S.S.M.), and questions 
concerning the entries were resolved by communication with 
the appropriate neuropathologists. The data books were then 
forwarded to the CERAD Data Management Center for entry 
and analysis. 
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Table 3. Diagnostic criteria for Parkinson's disease 



Definite 



(choose one) 



Uncertain 



Presence of Lewy bodies at any site, 
gliosis, neuronal loss, and 
depigmented substantia nigra and 
clinical diagnosis of parkinsonism 

Presence of significant degeneration 
(gliosis, depigmentation, and 
neuronal loss) of the substantia 
nigra without Lewy bodies (in the 
absence of other disorders clearly 
explaining this change, eg, 
encephalitis or multisystem 
degeneration) and clinical history 
of parkinsonism 

Presence of neuropatho logic lesions 
listed above and absence of clinical 
diagnosis of parkinsonism 



Working definitions of Parkinson's disease are provided to assure unifor- 
mity of £ 



The distribution and frequency of senile plaques and 
neurofibrillary tangles in cases fulfilling the CERAD neu- 
ropathology criteria for definite AD were analyzed; logistic 
regression procedures for ordinal data 12 were employed. In 
addition, as an example of the type of neuropathologic analy- 
sis that can be performed using this database, the degree of 
amyloid deposition in meningeal and parenchymal blood ves- 
sels was compared to the proportion of senile plaques con- 
taining amyloid cores. 

Results. Neuropathologists from 15 centers submitted 
data on autopsy brains of 142 patients clinically diag- 
nosed as having probable AD and eight nondemented 
control subjects (table 4) from groups 1 to 3 as described 
above. In general, the neuropathologists readily ac- 
cepted the data forms and found them to be straightfor- 
ward and relatively easy to use. Most of the 
neuropathologists reported that using the form for en- 
try of the neuropathologic information did not add 
substantively to the time ordinarily spent in working up 
these cases. 

The neuropathologic findings on the patients clini- 
cally diagnosed as having probable AD are summarized 
in table 5. Using CERAD neuropathology diagnostic 
criteria, neuropathologists determined the primary de- 
menting illness to be definite AD in 119 of the 142 cases 
(83.8%). Another 13 cases (9.1%) were judged to have 
probable or possible AD. (One case showing only neuro- 
fibrillary tangles, striatal degeneration, and no senile 
plaques was characterized by the referring neu- 
ropathologist as "atypical AD," but this case does not 
fall within CERAD neuropathologic criteria for AD.) 
Thus, 132 of 142 cases (or 93%) displayed AD changes 
listed by the neuropathologist as the primary cause of 
dementia. Parkinson's disease changes were encoun- 
tered in 27 (23%) of the cases with definite AD. Al- 
though some degree of cerebrovascular disease was 
found in about one-third of the cases with definite AD, 
only three patients (2%) were considered to have vas- 
cular disease as the primary cause of their dementia. 
The neuropathologic diagnoses in these three cases 



Table 4. Distribution of demented and control 
subjects by age and sex 







Subjects 


Age 


(yrs) 




r*o. 


Jrerceni 




Range 


Demented 










Men 


77 


54.2 


73.2 


49-94 


Women 


65 


45.8 


79.9 


59-95 


Total 


142 




76.3 


49-95 


Controls 










Men 


5 


62.5 


65.8 


56-79 


Women 


3 


37.5 


64.0 


59-70 


Total 


8 




65 


56-79 



were, respectively, Binswanger's disease, multiple in- 
farcts, and chronic vasculitis. Neuropathologists inter- 
preted the major cause of dementia in five individual 
cases to be, respectively, Pick's disease, lobar atrophy, 
progressive supranuclear palsy, cortical degeneration of 
unspecified type, and corticonigral degeneration. How- 
ever, these cases of cortical and corticonigral degenera- 
tion also had some degree of concomitant AD 
pathologic change, emphasizing the complexity of in- 
terpretation and the need for reliable data when over- 
lapping pathologies occur. No morphologic basis for the 
dementia was found in one case. 

In the cases fulfilling CERAD neuropathologic crite- 
ria for definite AD, there were no significant differences 
in the frequency of senile plaques in the three neocor- 
tical regions. We also compared the degree of deposition 
of vascular amyloid with the proportion of amyloid- 
cored plaques in neocortex. In the frontal sections, the 
degree of amyloid deposition in the meningeal and par- 
enchymal blood vessels correlated positively (p < 0.002 
and p < 0.02, respectively) with semiquantitative esti- 
mates of the proportion of plaques containing amyloid 
cores. That is, brains of patients with AD who had a 
high proportion of amyloid core-containing plaques 
often showed heavy amyloid deposition in cerebral ves- 
sels, whereas those with few to no amyloid cores in 
plaques tended to have little to no vascular amyloid. 

The control brains from the eight subjects without 
cognitive impairment revealed a spectrum of findings 
(table 6). Three of the eight control cases showed no 
plaques, tangles, or amyloid angiopathy. The brain of a 
69 -year-old control subject with carcinoma of the colon 
displayed sparse neocortical plaques giving an age-re- 
lated plaque score of B (table 1), ie, histologic findings 
suggest the diagnosis of AD. The brain of a 70-year-old 
nondemented patient with squamous cell carcinoma 
displayed frequent frontal cortical plaques giving an 
age-related plaque score of C, ie, histologic findings 
indicate the diagnosis of AD. In the absence of a clinical 
history of dementia, both cases were classified as possi- 
ble AD (type b) using CERAD neuropathology criteria 
summarized in table 2. One other control case had a 
single neurofibrillary tangle in the temporal cortex, 
sparse tangles in the hippocampus and entorhinal cor- 
tex, and sparse meningeal vascular amyloid. Another 
brain showed only sparse tangles in the hippocampus 
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Table 5. Summary of neuropathology diagnoses on 142 cases clinically diagnosed as probable Alzheimer's 



Primary 

dementing 

illness* 


No. of 
cases 


Parkinson's 
disease (PD) 
changes 


Cerebro- 
vascular 
disease 


Concomitant 
diagnoses made 
(no. of cases) 


Definite AD 


119 (84%) 


27 

(23% of 
definite 
AD cases) 


40casest 
(34% of 
definite 
AD cases) 


Binswanger's) (1); 

definite PD* (5); 

uncertain PD (19$); 

Lewy body disease (5$); 

lacunes (12$); 

infarcts— afl sizes (26$); 

vascular malformation (1); j 

petechial nemorrnages \zj t 

meningioma (2); 

metastatic Ca (1); 

Guillain-Barre (1); 

cnrouic suoQurai ocmawma v A /» 

old subarachnoid hemorrhage (1); 

meningitis (2), caudate atrophy (1); 

abscess (1), hippocampal sclerosis (1) 


IV/thohlo A TV 






n 
u 


\j i nxiUxin sr u \if t 

Lewy body disease (1$); 
definite PD (1$) 


Possible AD 


3(2%) 


0 


1 


Lacunes and infarct (1); 
hydrocephalus (1$) 


"Atypical AD W § 


1 


0 


0 




Infarcts and lacunes (1) 
Chronic vasculitis (1) 
Bmswariger's dis. (1) 


3 (2%) 


o 


3 


Normal pressure hydrocephalus} j 
.rossioie AJJ4 


Cortical degeneration, 
unknown etiology 


i 




u 


PmVinWp An 


Corticonigral 
degeneration 


1 


0 


1 


Definite AD$; 
infarct 


Progressive 
supranuclear palsy 


1 


1 


0 


Uncertain PD$ 


Pick's disease 


1 


0 


0 




Lobar atrophy 


1 


0 


0 


Possible AD 


Normal brain 


1 


0 


0 


N/A 


Total cases 


142 


31 


45 




* As rated by the neuropathologist (see table 2 for neuropathology definitions). 

t Includes all lacunes, infarcts, microinfarcts, and Binswanger's disease; does not include amyloid angiopathy or petechial hemorrhages. 
| Judged by the neuropathologist to have also contributed to dementia in at least some of the cases. 
§ Just tangles (no plaques) and striatal degeneration. 



and entorhinal cortex without plaques or amyloid an- 
giopathy. Amyloid angiopathy alon.e'was found in an 
additional control case without plaques or tangles. 

Discussion. The need for standardization of the neu- 
ropathology assessment in AD. Inconsistencies in the 
neuropathologic assessment of AD have long been rec- 
ognized. No morphologic or other gold standard for 
diagnosis of AD exists at this time, and the need for 
standardized diagnostic criteria has become apparent. 
In an effort to meet this need, a panel of neu- 
ropathologists in 1985 recommended using quantitative 
criteria based upon absolute age-related neocortical 



plaque counts. 13 Four years later, however, a survey of 
104 neuropathologists in the United States and Canada 
showed that only 21% of the respondents actually ap- 
plied these criteria to their cases. 14 Tierney et al 15 stated 
in a clihicopathologic study of 57 cases evaluating the 
NINCDS-ADRDA criteria for the clinical diagnosis of 
probable AD that, "in spite of consistency in the appli- 
cation of clinical criteria, the lack of agreement caused 
by differing neuropathologic criteria for Alzheimer's 
disease limits our ability to compare research protocols 
that use different neuropathologic criteria." Although it 
is not the intention of CERAD to impose any absolute 
diagnostic criteria, our protocol addresses this problem 
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Table 6. Summary of clinicopathologic features on eight control cases 



Clinical diagnosis 


Age 


Sex 


Race 


Plaques 


Tangles 


Vascular 
amyloid 


Carcinoma of the colon; 
enrolled in AD study 
as control patient; 
lucid correspondence from 
patient 7 mos before death 


69 


Male 


White 


Sparse in neocortex, 
hippocampus, amygdala; 
moderate in entorhinal 
cortex 


Sparse in 
hippocampus and 
entorhinal cortex; 
none in amygdala 


None 


Squamous cell carcinoma 
of esophagus; 
alert and oriented 1 mo 
before death 


56 


Male 


Black 


None in neocortex, 
hippocampus, entorhinal 
cortex; 

amygdala not examined 


None in neocortex, 
hippocampus, 
entorhinal cortex; 
amygdala not examined 


None 


Squamous cell carcinoma; 
normal mental status 
described immediately 
before death 


70 


Female 


Black 


Frequent* in frontal cortex; 
moderate in temporal and 
parietal cortex; sparse in 
wiwnunaj cortex, 
none in hippocampus 


None 


None 


Rheumatoid arthritis; 
chronic emphysema; 
cognitively normal on 

tpfifcinp 3 mnq Yv*fnr& rlont~li 
MJoW 11 ^ O UlUo utrlUxc UcaUl 


64 


Male 


White 


None 


None 


Sparse 

to moderate 

parenchymal 

and meningeal 

deposition 

hippocampus, 

amygdala, 

and neocortex 


Acute myelomonocytic 
leukemia; 

alert and oriented when 
seen by neurologist 2 mos 
before death 


61 


Male 


White 


None 


None 


None 


Metastatic large cell 
carcinoma of lung 


59 




White 




XNone 


None 


Ameloblastoma of mandible 
metastatic to liver and lungs 


63 


Female 


White 


None 


Sparse in hippocampus 
and entorhinal cortex 


None 


Carcinoma of pancreas and 
metastasis to brain 


79 


Male 


White 


None 


Sparse in hippocampus, 
entorhinal cortex, 
and temporal cortex 


Sparse meningeal 
amyloid 


* Most small primitive plaques. 















by offering a uniform method for the neuropathologic 
assessment of AD". 

There is no doubt that variation exists among neu- 
ropathology laboratories regarding both histologic 
techniques and interpretation used to assess AD. In 
surveying CERAD neuropathologists, we learned that 
15 centers used seven different staining techniques on 
brain tissue sections ranging from 6 to 15 micrometers 
in thickness. Even when common stains are used (such 
as the Bielschowsky method), modifications abound. In 
many laboratories, specific staining techniques are a 
virtual tradition; technicians and pathologists alike feel 
comfortable in their use and interpretation. Although 
brain tissue riddled with neocortical neuritic plaques 
probably would present no diagnostic problem to any of 
the participating neuropathologists, we believe that dif- 
ferences in technique and interpretation of the morpho- 
logic findings may yield disparate inter-center data and 
conclusions. 

This notion was strengthened by the survey by 



Wisniewski et al. 14 They tabulated the diverse meth- 
odologic and interpretive approaches used by 104 neu- 
ropathologists in evaluating cases clinically diagnosed 
as AD. Methods listed by respondents included some 
Bielschowsky method (51%) and thioflavine S staining 
(13% ) , although 42% used other silver or amyloid prepa- 
rations. This methodologic inconsistency was paral- 
leled by variation in methods of evaluation of 
observations. Most of the neuropathologists did not use 
a strictly quantitative assessment to make the diagnosis 
of AD. Moreover, there was much variation in the ex- 
tent to which they incorporated the clinical informa- 
tion in their diagnostic evaluation. 

In an earlier position paper, Ball 16 made a similar 
point regarding the variations in methodology used in 
the assessment of AD. He stated "optimal comparison 
of quantitative data in the neuropathological diagnosis 
would involve the standardization of various fixation, 
processing, and staining techniques used by participat- 
ing laboratories. Considerable debate persists about the 
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best type of histological method to show the various 
Alzheimer lesions. This goal could be achieved, but only 
with a large amount of planned cooperation." Indeed, 
the literature is replete with observations based upon 
varying methodologies. The CERAD neuropathologists 
are concerned about intercenter variation in staining 
technique and interpretation and are currently com- 
pleting a standardization study addressing this impor- 
tant issue." 

Potential uses of the CERAD neuropathology pro- 
tocol The CERAD neuropathology protocol was de- 
signed to create a database that has many potential 
uses, including the refinement of diagnostic criteria, the 
assessment of overlapping and coexistent pathology, 
and the understanding of early changes in AD. 

Refinement of diagnostic criteria. The inclusion of a 
wide range of neuropathologic data correlated with clin- 
ical information provided by the CERAD clinical bat- 
teries may allow refinement of diagnostic criteria. For 
example, as suggested by Tomlinson, 17 other more relia- 
ble diagnostic indicators may be found, eg, entorhinal or 
brainstem neurofibrillary tangles. The flexibility of the 
CERAD neuropathology protocol will enable us to take 
advantage of new or improved histopathologic, immu- 
nocytochemical, or other techniques. 

Heterogeneity. A large-scale longitudinal study like 
CERAD should be well equipped to deal with the issue 
of clinical and neuropathologic heterogeneity in AD. 
Clinical features such as extrapyramidal signs or early 
versus late language impairment may be paralleled by 
distinctive patterns of neuropathology. Mayeux et al 18 
and Chtii et al 19 described a substantive subset of AD 
patients with extrapyramidal signs in the absence of 
neuroleptics along with severe intellectual and func- 
tional decline. These workers stressed the need for 
pathologic correlation but, thus far, such correlative 
studies have been limited. Some investigators have sug- 
gested that extrapyramidal signs in AD, especially 
rigidity, are related to coexistent Parkinson's disease 
pathology 20 " 22 ; Morris et al, 23 however, have found het- 
erogeneous pathologic correlates of clinical parkinson- 
ism in AD. 

Data on extrapyramidal signs are recorded in the 
CERAD clinical assessment forms and will be corre- 
lated with information in the neuropathology protocol 
on the substantia nigra as well as the presence and 
distribution of Lewy bodies. Such correlations will per- 
mit us to look at clinical and neuropathologic correlates 
of Parkinson's disease changes, either coexisting with 
AD pathology or occurring alone. The CERAD neu- 
ropathology protocol also may answer questions about 
so-called "diffuse Lewy body disease" often seen in the 
clinical and neuropathologic setting of AD 24 and may 
establish whether or not such cases represent a clini- 
cally distinctive variant of AD. 25 

The CERAD protocol will provide valuable data on 
the controversial role of cerebrovascular disease in de- 
mentia patients. Estimates of the percentage of demen- 
tia patients with significant cerebrovascular disease 
vary 26 - 27 and have been estimated as being as high as 
one-third. 28 Some workers maintain that patients diag- 
nosed as having multi-infarct dementia or a combina- 



tion of vascular disease and AD show predominantly 
AD or mixed neuropathology 27 - 29 ; postmortem studies 
revealed a diagnostic accuracy of the clinical diagnosis 
of vascular dementia as 85% in a Finnish study of 
demented patients by Erkinjuntti and coworkers. 30 
However, in a neuropathologic study of patients clini- 
cally diagnosed as having AD, Joachim et al 31 found 
that only two of 150 cases showed a purely vascular basis 
of dementia. 

Although the CERAD database will include only 
those patients clinically diagnosed as having probable 
or possible AD, 3 it will provide information on the 
extent to which vascular disease coexists with or mim- 
ics AD. The neuropathology data form was designed to 
include information on the size, location, and nature of 
the gross and microscopic vascular lesions to help re- 
solve some of these questions. This will be particularly 
valuable when combined with data obtained using the 
CERAD neuroimaging protocol currently in develop- 
ment. 

Early changes of AD. Correlation of CERAD clinical 
and neuropsychological findings with the distribution 
of AD changes in patients with mild dementia or short 
duration of symptoms and in nondemented control sub- 
jects may reveal hierarchical patterns in the nature or in 
the distribution of early neuropathologic changes. In an 
attempt to provide clues to these early changes, neu- 
ropathologic findings in autopsies of relatively young 
patients with Down's syndrome have been de- 
scribed. 32 " 34 

Most of the patients entered into the CERAD clini- 
cal protocol, however, will be in the more advanced 
stages of AD by the time of death. Berg et al 35 empha- 
sized the rapidity with which most AD patients move 
from the stage of mild to moderate or severe dementia. 
It is likely, therefore, that we may be largely dependent 
upon follow-up of CERAD control subjects as a source 
of early dementia cases. 

Note: Requests for information about CERAD and its 
copyrighted assessment batteries should be directed to 
Albert Heyman, MD, Duke University Medical Center, 
Box 3203, Durham, NC 27710. 



Acknowledgments 

In addition to the authors, the following individuals provided helpful 
input into the development of the neuropathology protocol and con- 
tributed data from case material to the CERAD data bank: Melvyn J. 
Ball, MD, University of Western Ontario, London, ON, Canada; 
Linda M. Bierer, MD, Bronx VA Medical Center, New York, NY; 
Diana Claasen, MD, University of Pittsburgh, Pittsburgh, PA; Law- 
rence Hansen, MD, University of California at San Diego, La Jolla, 
CA; Michael Hart, MD, University of Iowa, Iowa City, LA; John 
Hedreen, MD, Johns Hopkins Hospital, Baltimore, MD; Victor Hen- 
derson, MD, University of Southern California, Los Angeles, CA; 
Bradley T. Hyman, MD, PhD, Massachusetts General Hospital, Har- 
vard University, Boston, MA; Catharine Joachim, MD, Brigham and 
Women's Hospital, Harvard University, Boston, MA; William Mark- 
esbery, MD, University of Kentucky, Lexington, KY; A. Julio Mar- 
tinez, MD, University of Pittsburgh, Pittsburgh, PA; Ann McKee, 
MD, Massachusetts General Hospital, Harvard University, Boston, 
MA; Carol Miller, MD, University of Southern California, Los An- 
geles, CA; John Moossy, MD, University of Pittsburgh, Pittsburgh, 
PA; David Nochlin, MD, University of Washington, Seattle, WA; 

April 1091 NEUROLOGY 41 485 



>006J 



Daniel Perl, MD, Mt Sinai Medical Center, New York, NY; Carol 
Petito, MD, Cornell Medical Center, New York, NY; Gutti R. Rao, 
MD, University of Pittsburgh, Pittsburgh, PA; Robert L. Schelper, 
MD, University of Iowa, Iowa City, IA; Ursula Slager, MD, University 
of Southern California, Los Angeles, CA; and Robert D. Terry, MD, 
University of California at San Diego, La Jolla, CA. 

The authors thank John Morris, MD, and Gerda Fillenbaum, PhD, 
for thoughtful review of the manuscript and Sylvia Wrobel, PhD, and 
Florence Nash for editorial assistance. Duane Beekly helped with data 
management Jan Fowler and Mary Strickland provided fine adminis- 
trative and secretarial support and Adina Alazraki assisted with the 
computer-generated graphics- 



References 

1. Morris JC, Heyman A, Mohs RC, et al The Consortium to Estab- 
lish a Registry for Alzheimer's Disease (CERAD). Part I. Clinical 
and neuropsychological assessment of Alzheimer's disease. Neu- 
rology 1989;39:1159-1165. 

2. Mirra SS, Vogel FS, Hughes JP, Brownlee LM, Heyman A. The 
CERAD protocol for the neuropathologic assessment of Alzhei- 
mer's disease and related disorders [Abstract]. Neurology 
1988;38(suppl 1):413. 

3. McKhann G, Drachman D, Folstein M, Katzman R, Price D, 
Stadlan EM. Clinical diagnosis of Alzheimer's disease: report of 
the NINCDS-ADRDA Work Group under the auspices of the 
Department of Health and Human Services Task Force on Alzhei- 
mer's Disease. Neurology 1984;34:939-944. 

4. Dickson DW, Farlo J, Davies P, Crystal H, Fuld P, Yen S-HC. 
Alzheimer's disease: a double-labeling immunohistochemical 
study of senile plaques. Am J Pathol 1988;132:86-101. 

5. Wisniewski HM, Bancher C, Barcikowska M, Wen GY, Currie J. 
Spectrum of morphological appearance of amyloid deposits in 
Alzheimer's disease. Acta Neuropathol (Berl) 1989;78:337-347. 

6. Ishii T, Kamentani F, Haga S, Sato M. The immu- 
nohistochemical demonstration of subsequences of the precursor 
of the amyloid A4 protein in senile plaques in Alzheimer's disease. 
Neuropathol Appl Neurobiol 1989;15:135-147. 

7. Wisniewski HM, Wen GY, Kim KS. Comparison of four staining 
methods on the detection of neuritic plaques. Acta Neuropathol 
(Berl) 1989;78:22-27. 

.8. Yamaguchi H, Hirai S, Morimatsu M, Shoji M, Ihara Y. A variety 
of cerebral amyloid deposits in the brains of the Alzheimer-type 
dementia demonstrated by beta protein immunostaining. Acta 
Neuropathol (Berl) 1988;76:541 -549. 

9. Yamaguchi H, Hirai S, Morimatsu M, Shoji M, Harigaya H. 
Diffuse type of senile plaques in the brains of Alzheimer-type 
dementia. Acta Neuropathol (Berl) 1988;77:113-119. 

10. Joachim CL, Morris JH, Selkoe DJ. Diffuse senile plaques occur 
commonly in the cerebellum in Alzheimer's disease. Am J Pathol 
1989;135:309-319. . 

11. Mirra SS, McKeel DW, Crain BJ, Hughes JP, van Belle G, 
Heyman A, and participating neuropathologists. Quality as- 
surance in the neuropathology assessment of Alzheimer's disease: 
a multicenter study of the Consortium to Establish a Registry for 
Alzheimer's disease [Abstract]. J Neuropathol Exp Neurol 
1990;49:336. 

12. McCullagh P, Nelder JA. Generalized linear models. London: 
Chapman and Hall, 1984. 

13. Khachaturian ZS. Diagnosis of Alzheimer's disease. Arch Neurol 
1985;42:1097-1105. 

14. Wisniewski HM, Rabe A, Zigman W, Silverman W. Editorial: 
neuropatho logical diagnosis of Alzheimer disease. J Neuropathol 



Exp Neurol 1989;48:606-609. 

15. Tierney MC, Fisher RH, Lewis AJ, et al. The NINCDS-ADRDA 
Work Group criteria for the clinical diagnosis of probable Alzhei- 
mer's disease: a clinicopathologic study of 57 cases. Neurology 
1988;38:359-364. 

16. Ball MJ. The pathological diagnosis of Alzheimer's disease: pres- 
ent neuropathological standards and future challenges. In: 
Hovaguimian T, ed. Alzheimer's disease: international prospec- 
tives on diagnosis. Bern, Switzerland: Hans Huber Verlag, 1987. 

17. Tomlinson BE. The neuropathology of Alzheimer's disease — is- 
sues in need of resolution (second Dorothy S. Russell memorial 
lecture). Neuropathol Appl Neurobiol 1989;15:491-512. 

18. Mayeux R, Stern Y, Spanton S. Hetrogeneity in dementia of the 
Alzheimer type: evidence of subgroups. Neurology 
1985;35:453-461. 

19. Chui HC, Teng EL, Henderson VW, Moy AC. Clinical subtypes of 
dementia of the Alzheimer type. Neurology 1985;35:1544-1550. 

20. Leverenz J; Sumi SM. Parkinson's disease in patients with Alz- 
heimer's disease. Arch Neurol 1986;43:662-664. 

21. Ditter SM, Mirra SS. Neuropathologic and clinical features of 
Parkinson's disease in Alzheimer's disease patients. Neurology 
1987;37:754-760. 

22. Ditter SM, Brownlee LM, Mirra SS. Clinical-pathologic corre- 
lates of Parkinson's disease features in Alzheimer's disease [Ab- 
stract]. Neurology l?88;38:(suppl 1):231. 

23. Morris JC, Drazner M, Fulling K, Grant EA, Goldring J. Clinical 
and pathological aspects of parkinsonism in Alzheimer's disease: a 
role for extranigral factors? Arch Neurol 1989;46:651-657. 

24. Hansen LA, Masliah E, Terry RD, Mirra SS. A neuropathologic 
subset of Alzheimer's disease with concomitant Lewy body disease 
and spongiform change. Acta Neuropathol (Berl) 
1989;78:194-201. 

25. Hansen LA, Salmon D, Galasko D, et al. The Lewy body variant of 
Alzheimer's disease: a clinical and pathologic entity. Neurology 
1990;40:1-8. 

. 26. Alafuzoff I, Iqbal K, Friden H, Adolfeson R, Winblad B. Histo- 
pathologic^ criteria for progressive dementia disorders: clinical- 
pathological correlation and classification by multivariate data 
analysis. Acta Neuropathol (Berl) 1987;74:209-225. 

27. Wade JPH, Mirsen TR, Hachinski VC, Fisman M, Lau C, Mer- 
skey H. The clinical diagnosis of Alzheimer's disease. Arch Neurol 
1987;44:24-29. 

28. O'Brien MD. Vascular dementia is underdiagnosed. Arch Neurol 
1988;45:797-798. 

29. Brust JCM. Vascular dementia is overdiagnosed. Arch Neurol 
1988;45:799,801. 

30. Erkinjuntti T, Haltia M, Palo J, Sulkava R, Paetau A. Accuracy of 
the clinical diagnosis of vascular dementia: a prospective clinical 
and post-mortem neuropathological study. J Neurol Neurosurg 
Psychiatry 1988;51:1037-1044. 

31. Joachim CL, Morris JH, Selkoe DJ. Clinically diagnosed Alzhei- 
mer's disease: autopsy results in 150 cases. Ann Neurol 
1988;24:50-56. 

32. Manri DMA, Esiri MM. The site of the earliest lesions of Alzhei- 
mer's disease. N Engl J Med 1988;318:89-90. 

33. Motte J, Williams RS. Age-related changes in the density and 
morphology of plaques and neurofibrillary tangles in Down syn- ' 
drome brain. Acta Neuropathol (Berl) i989;77:535-546. 

34. Mann DMA, Brown A, Prinja D, et al. An analysis of the mor- 
phology of senile plaques in Down's syndrome patients of different 
ages using immunocytochemical and lectin histochemical tech- 
niques. Neuropathol Appl Neurobiol 1989;15:317-329. 

35. Berg L, Miller JP, Storandt M, et al. Mild senile dementia of the 
Alzheimer type. 2. Longitudinal assessment. Ann Neurol 
1988;23:477-484. 



466 NEUROLOGY 41 April 1991 



EXHIBIT B 



Articles 



Alzheimer's disease 

Etiologies, pathophysiology, cognitive reserve, and 
treatment opportunities 

Jeffrey L. Cummings, MD; Harry V. Vinters, MD; Gregory M. Cole, PhD; and Zaven S. Khachaturian, PhD 

Article abstract — Alzheimer's disease (AD) can be diagnosed with a considerable degree of accuracy. In some centers, 
clinical diagnosis predicts the autopsy diagnosis with 90% certainty in series reported from academic centers. The 
characteristic histopathologic changes at autopsy include neurofibrillary tangles, neuritic plaques, neuronal loss, and 
amyloid angiopathy. Mutations on chromosomes 21, 14, and 1 cause familial AD. Risk factors for AD include advanced 
age, lower intelligence, small head size, and history of head trauma; female gender may confer additional risks. Suscepti- 
bility genes do not cause the disease by themselves but, in combination with other genes or epigenetic factors, modulate 
the age of onset and increase the probability of developing AD. Among several putative susceptibility genes (on chromo- 
somes 19, 12, and 6), the role of apolipoprotein E (ApoE) on chromosome 19 has been repeatedly confirmed. Protective 
factors include ApoE-2 genotype, history of estrogen replacement therapy in postmenopausal women, higher educational 
level, and history of use of nonsteroidal anti-inflammatory agents. The most proximal brain events associated with the 
clinical expression of dementia are progressive neuronal dysfunction and loss of neurons in specific regions of the brain. 
Although the cascade of antecedent events leading to the final common path of neurodegeneration must be determined in 
greater detail, the accumulation of stable amyloid is increasingly widely accepted as a central pathogenetic event. All 
mutations known to cause AD increase the production of p-amyloid peptide. This protein is derived from amyloid 
precursor protein and, when aggregated in a ^-pleated sheet configuration, is neurotoxic and forms the core of neuritic 
plaques. Nerve ceD loss in selected nuclei leads to neurochemical deficiencies, and the combination of neuronal loss and 
neurotransmitter deficits leads to the appearance of the dementia syndrome. The destructive aspects include neurochem- 
ical deficits that disrupt cell-to-cell communications, abnormal synthesis and accumulation of cytoskeletal proteins (e.g., 
t), loss of synapses, pnming of dendrites, damage through oxidative metabolism, and cell death. The concepts of cognitive 
reserve and symptom thresholds may explain the effects of education, intelligence, and brain size on the occurrence and 
timing of AD symptoms. Advances in understanding the pathogenetic cascade of events that characterize AD provide a 
framework for early detection and therapeutic interventions, including transmitter replacement therapies, antioxidants, 
anti- inflamm atory agents, estrogens, nerve growth factor, and drugs that prevent amyloid formation in the brain. 
NEUROLOGY 1998;51(Suppl 1):S2^S17 



Since the early 1980s there have been dramatic ad- 
vances in understanding the pathogenesis of Alzhei- 
mer's disease (AD). Several mutations associated 
with familial forms' of AD have been identified, epi- 
demiologic and genetic risk factors have been de- 
scribed, the underlying molecular biology of the 
classic histopathologic hallmarks of AD is increas- 
ingly well understood, and the neurochemical ab- 
normalities characteristic of AD are better 
characterized. In Addition, protective factors that ap- 
pear to delay tl|ie onset of symptoms have been 
found, suggesting that the threshold for symptom 
appearance can be modulated to increase or decrease 
the risk for AD in individual patients. As the sequen- 
tial steps in the cascade of events that mediate the 
effect of risk factors or mutations have been delin- 
eated, treatment opportunities also have emerged. 



Each step in the process represents a potential ther- 
apeutic target that may prevent the occurrence, de- 
fer the onset, slow the progress, or improve the 
symptoms of AD. Advances in understanding AD 
have been so marked that they require a reconceptu- 
alization of the illness with an integration of devel- 
opmental and late-life factors. This review updates 
the recent advances in understanding the genetic 
mutations, risk factors, role of amyloid, histopatho- 
logic characteristics, and neurochemical abnormali- 
ties of AD. This framework defines the agenda for 
therapeutic research in AD. 

Definition of AD. The definition of AD may vary 
according to the purposes for which it is used. A 
variety of criteria can be applied for clinical diag- 
noses, therapeutic trials, epidemiologic research, or 
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pathologic investigations. 1 The most broadly applied 
criteria for the clinical definition of AD were intro- 
duced by the Work Group of the National Institute of 
Neurological and Communicative Disorders and 
Stroke and the Alzheimer's Disease and Related Dis- 
orders Association (NINCDS-ADRDA). 3 These crite- 
ria classify AD into definite, probable, and possible 
levels of diagnostic certainty. The diagnosis of defi- 
nite AD requires both the clinical features of proba- 
ble AD and histopathologic confirmation by biopsy or 
autopsy. Probable AD requires the presence of de- 
mentia established by clinical examination, docu- 
mented by standardized mental status assessment, 
and confirmed by neuropsychological tests. These 
must demonstrate deficits in two or more areas of 
cognition, with progressive worsening of memory and 
other cognitive functions in the absence of delirium. 
The onset must be between the ages of 40 and 90 
years, and there must be no other systemic or brain 
diseases that could account for the progressive defi- 
cits in memory and cognition. Features supportive of 
the diagnosis of probable AD, but not required, in- 
clude progressive deficits in specific cognitive func- 
tions such as language, praxis, and perceptual 
recognition; impaired activities of daily living; a fam- 
ily history of a similar disorder, particularly if con- 
firmed pathologically; and normal or nonspecific 
results on routine tests such as spinal fluid examina- 
tion, electroencephalography, and computerized to- 
mography. Features consistent with the diagnosis of 
probable AD include psychiatric and behavioral ab- 
normalities, weight loss and, in advanced stages of 
the disease, increased muscle tone, myoclonus, gait 
abnormalities, and seizures. 

The diagnosis of possible AD is made when the 
typical clinical syndrome is present but there Eire 
variations in the onset, presentation, or clinical 
course; when a second systemic or brain disease is 
present but is not considered to be the cause of the 
dementia; and when a single, gradually progressive 
cognitive deficit is identified in the absence of an- 
other identifiable cause. Features noted to make AD 
unlikely include a sudden apoplectic onset, focal 
neurologic abnormalities, or seizures or gait dis- 
turbances at the onset or early in the course of the 
illness. Investigation of these criteria has shown 
them to have moderate to good reliability and 
validity. 3,4 

Several features of this clinical definition warrant 
elaboration in the context of understanding the asso- 
ciated etiologies and pathophysiologies of AD. First, 
probable AD is a clinical syndrome that has several 
etiologies. If each mutation is viewed as a distinctive 
cause of AD, then the disease has many etiologies 
that produce a common clinical phenotype. Second, 
the core syndrome is defined on the basis of an inclu- 
sionary rather than an exclusionary approach. Third, 
the NINCDS-ADRDA criteria define a core syndrome 
requiring progressive deficits in memory and at least 
one other cognitive domain. However, these criteria 
allow substantial clinical heterogeneity in terms of 



the age of onset, profile of cognitive abnormalities, 
speed of progression, and associated behavioral dis- 
turbances. Fourth, the criteria do not identify a bio- 
logic marker of the illness, and no definitive biologic 
diagnostic test has evolved since these criteria were 
published. Fifth, the onset of the disease is insidious 
and the course gradually progressive. This suggests 
that mild symptoms may be present for substantial 
periods of time before the family becomes aware of or 
sufficiently alarmed about behavioral and neuropsy- 
chological abnormalities to seek clinical consultation. 
Furthermore, the disease may be present for many 
years before any symptoms appear. 

Neuroimaging studies of patients at genetic risk 
for AD suggest that brain changes precede the ap- 
pearance of the disease by several years and are 
present when patients show no evidence of a demen- 
tia syndrome. 5 Studies in other neurodegenerative 
diseases, such as Parkinson's disease, indicate that 
as many as 80% of the neurons must be- dysfunc- 
tional before a symptomatic threshold is crossed and 
clinically detectable abnormalities appear. 6 

Histopathology of AD. The histopathology of Alz- 
heimer's disease includes neuritic plaques, neurofi- 
brillary tangles, loss of synapses and neurons, 
granulovacuolar degeneration, AMY plaques, and 
amyloid angiopathy. 

Three types of amyloid-related plaques are recog- 
nized in the brain of the AD patient. 7,8 Diffuse 
plaques contain no amyloid core but contain poorly 
circumscribed stable amyloid (A3)-immunoreactive 
protein 9 and are presumed to represent the earliest 
stage of plaque formation. These are found in areas 
of the brain that are not symptomatic in the course 
of AD, such as the cerebellum, and throughout the 
cerebral hemispheres. 

The classical neuritic plaque (figure 1) is a spher- 
ical structure 50 to 200 p,m in diameter, consisting 
of a central A-immunoreactive amyloid core sur- 
rounded by dystrophic neurites. The neurites often 
contain paired helical filaments, normal glial pro- 
cesses, and abnormal organelles. Reactive astrocytes 
and microglia are also found within thej plaque 
and at the plaque periphery. 1011 Organelles con- 
tained in the dystrophic neurites include lysosomes, 
mitochondria, and synaptic vesicles. In addition 
to amyloid, neuritic plaques include t protein, 0^- 
antichymotrypsin, apolipoprotein E (ApoE), and 
glycosaminoglycans, among other components. Neu- 
rotransmitters and transmitter-related enzymes are 
also present. 12 Difiuse plaques contain amyloid but 
are smaller and do not contain neurites or evidence 
of adjacent neuronal injury. The third type of plaque, 
classically described as the "burnt out" plaque, con- 
sists of an isolated dense amyloid core. Until re- 
cently, criteria for the histopathologic diagnosis of 
AD were based on the number of neuritic plaques 
present in the cortex in relation to age-related stan- 
dards. 18 These criteria have been revised by a work 
group jointly sponsored by the National Institute on 
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Figure 1. Neuritic plaques (NP). (A) Neuritic plaques in a section of temporal cortex from an AD patient stained with the 
Bielschowsky technique. The plaque at right shows both neuritic and amyloid "core" components, whereas the plaque at 
bottom shows only neurites, which may represent absence of an amyloid core or a tangential cut through a core-bearing 
plaque. Neurofibrillary tangles also are seen within the field. (B) Section of AD cortex immunostained with an antibody 
to A& 42. Note prominent immunoreactivUy of both the core and the neuritic "halo" of the plaque at the top of the micro- 
graph. The other two regions of immunoreactivity (middle and bottom) represent either diffuse plaques or tangential sec- 
tions through larger core-bearing plaques (X105). 



Aging and the Reagan Institute of the Alzheimer's 
Association. The new criteria emphasize the pres- 
ence of both neuritic plaques and neurofibrillary tan- 
gles in the neurocortex. 14 

Evidence of inflammation is demonstrable within 
or immediately adjacent to the neuritic plaque. 
Acute phase reactants, such as ax-antichymotrypsin 
and a 2 -macroglobulin, are present in neuritic 
plaques, and activated microglia immunopositive for 
interleuMn-1 and interleuMn-6 also are detectable 
(figure 2). The complement system is activated in 
neuritic plaques. 1516 Inflammatory activity within 
the plaque may influence amyloid metabolism and 
increase neuronal death. 

Neurofibrillary tangles (figure 3) represent an- 
other characteristic histopathologic change observed 
in AD. These tangles consist of paired helical fila- 
ments that occupy the cell body and may extend into 
the dendrites but do not occur in the axon. Paired 
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helical filaments consist of protofilaments arranged 
to form a tubule and containing abnormally phos- 
phorylated T-protein. Tangles exhibit immunoreac- 
tivity against antigen A-68, casein kinase-2, protease 
nexin-1, fibroblast growth factor, microtubule- 
associated protein-5 (MAP-5), ubiquitin, and 
p-amyloid (Ap). 1217 Extraneuronal "ghost" tangles 
may be seen in the entorhinal cortex and represent 
the insoluble residue of neurons that have died. 12 
Large pyramidal cells are the neurons most likely to 
develop neurofibrillary tangles, particularly those 
with long, ipsilateral cortical- cortical connections. 17 
The evolution of the distribution of neurofibrillary 
tangles within the cortex is systematic, beg inning in 
the transentorhinal cortex, progressing to limbic cor- 
tical regions, and finally reaching neocortical areas. 17 
This pattern correlates with the early occurrence of 
memory abnormalities in AD, followed by aphasia 
and apraxia, reflecting involvement of heterocortical 




Figure 2. Section of AD brain immunostained with an 
antibody (HAM-56) that labels microglia, macrophages, 
and vascular endothelium. Note (center) ramified mi- 
croglial cell and other immunoreactive cells, possibly 
representing macrophages. Adjacent capillary endothe- 
lium is also prominently immunoreactive (X104). 



neurons that have the longest intrahemispheric pro- 
jections. Early and increasingly severe involvement 
of limbic cortex is associated with a broad range of 
neuropsychiatric symptoms. 19 Neurofibrillary tangles 



lead to the death of nerve cells in which they occur, 
but nerve cell death in AD also occurs in regions 
with few tangles. Neurofibrillary tangles occur in 
non-AD CNS diseases, including progressive su- 




Figure 3. Neurofibrillary tangles (NFT). (A) Bielschowsky-stained section of hippocampus (AD brain) in which there are 
prominent flame-shaped neurofibrillary tangles in viable neurons, as judged by the presence of nuclei in affected cells. 
Neurons showing granulovacuolar degeneration (arrows) also are seen. (B) A field (Bielschowsky-stained section) with 
neurofibrillary tangles only. (C) Section of AD brain immunostained with anti-ubiquitin, which highlights prominently 
immunoreactive neurofibrillary tangles. Punctate immunoreactivity throughout the neuropil represents neurites or neuro- 
pil threads (X104). 
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pranuclear palsy, postencephalitic Parkinson's dis- 
ease, dementia pugilistica, and subacute sclerosing 
panencephalitis, 16 and have been observed in neu- 
rons of dysplastic cortex resected from children with 
intractable early-onset epilepsy. 20 Therefore, neurofi- 
brillary tangles are less specific to AD than neuritic 
plaques, which are almost unique to AD and to so- 
called normal aging. Correlations between either 
neuritic plaque or neurofibrillary tangle density and 
dementia severity are usually limited. In normal el- 
derly, dementia severity correlates more with the 
presence of neurofibrillary tangles than with the 
abundance of neuritic plaques. 21 

In addition to amyloid-containing plaques and 
tangle-bearing neurons, the brains of AD patients 
have abundant AMY plaques. Monoclonal antibodies 
reveal a protein that is coexistent with but distinct 
from hyperphosphorylated T-protein. AMY plaques 
contain no amyloid, although they are found only in 
brains that also have Ap and occur in the same brain 
regions as amyloid plaques. 22 

Nerve cell loss, particularly affecting the larger 
neurons of the superficial cortex, is a consistent fea- 
ture of AD. 7 - 81216 Neuronal loss is more severe in 
younger than in older patients and is associated with 
an increased number of astrocytes. 

Synaptic alterations also are characteristic of AD. 
Presynaptic terminal density is decreased by an av- 
erage of 45% at the time of autopsy. 16 Whereas syn- 
apses are not diminished in the area of diffuse 
plaques, they are greatly reduced in the region of 
neuritic plaques. Correlations between loss of syn- 
apses and cognitive alterations in AD exceed those 
reported for plaques and tangles. 23 

In AD, amyloid is deposited in cerebral blood ves- 
sels and in diffuse and neuritic plaques. It involves 
the leptomeningeal and superficial cortical ves- 
sels. 24 * 25 The location of the cerebral amyloid angiop- 
athy (CAA) is not associated with a local 
concentration of neuritic plaques. 26 - 27 However, CAA- 
affected microvessels may occasionally be sur- 
rounded by neuritic processes (figure 4). The 
presence of severe Ap-immunore active CAA with rel- 
atively inconspicuous (or absent) neuritic plaques in 
an autosomal dominant Dutch disease, clinical fea- 
tures of which include cerebral hemorrhage and de- 
mentia, raises the issue of whether CAA, apart from 
tangles and senile plaques, can produce a dementia 
syndrome. 28 * 29 The nosologic interface between spo- 
radic (including stroke-associated) CAA and AD is 
controversial. 30 

Granulovacuolar degeneration is another histo- 
logic abnormality routinely identified in AD but rare 
in normal aging. The involved cells occupy the pyra- 
midal cell layer of the hippocampus. Vacuoles are 
present in the cytoplasm of the pyramidal cells. Each 
vacuole contains a single dense granule, and several 
vacuoles may occur within the same cell body. The 
granules react with anti-T-related Alz-50 and anti- 
neurofilament antibodies. 1617 * 31 Whereas the other 
lesions are neocortical and hippocampal, and some- 

S6 NEUROLOGY SKSuppl 1) July 1998 




Figure 4. Congophilic amyloid angiopathy. (A) Histologic 
section immunostained with an antibody to a portion of 
P/A4. Note immunoreactivity confined to arteriole walls. 
(B) A Bielschowsky-stained section with an arteriole thick- 
ened by amyloid, resulting in effacement of the normal 
media. The vessel is surrounded by neurites similar to 
those seen at the periphery of neuritic plaques (X104). 



times involve the deep central gray structures, gran- 
uovacuolar degeneration is almost always confined 
to the hippocampus. 

Neuropil threads are processes that contain 
paired helical filaments and that occur primarily in 



Table 1 Cortical choline acetyltransferase levels in Alzheimer's 
disease patients**** 



Table 2 Mutations and vulnerability genes associated wtih \ 
Alzheimer's disease i y r C^t 



Cortical region 


PpTW>nt rpdnrtinn in 

choline acetyltransferase 


Midfrontal cortex 


68-83 


Orbitofrontal cortex 


80 


Superior temporal cortex 


61-90 


Inferior nariptal eortpx 


70_90 


{"Jininilfifcp pvnis 


68 




90 


Amygdala 


87 


Substantia nipra 


78 


Caudate nucleus 


66 


Thalamus 


Normal 


IvIidbrfliD 




Pons 


Normal 


Cerebellum 


Normal 


Precentral gyrus 


Normal 


Postcentral gyrus 


Normal 


Occipital cortex 


Normal 



Genotype 



Cellular effect 



the dendrites of tangle-bearing pyramidal cells. They 
react with anti-T and anti-ubiquitin antibodies. 1617 ' 32 

Neurotransmitter disturbances in acetylcho- 
line AD, Acetylcholine (ACh) is synthesized by 
choline acetyltransferase (CAT), and a major source 
of CAT is the nucleus basalis of Meynert in the basal 
forebrain. This region is affected early in the course 
of AD, leading to a marked and consistent deficit in 
CAT and of ACh synthesis. Table 1 shows that CAT 
levels are reduced from 58 to 90% 33S4 and that reduc- 
tions, particularly in the temporal lobes, correlate 
with the severity of the dementia syndrome. 35 Acetyl- 
cholinesterase, the enzyme responsible for the degra- 
dation of ACh, is also reduced in AD. 

Muscarinic and nicotinic cholinergic receptors 
have been identified in the brain. Five types of mus- 
carinic receptors are known 36 The Ml receptor is 
found in hippocampus and in upper and lower levels 
of the cerebral cortex, whereas the M2 receptor is 
found in the brainstem and nucleus basalis. Ml re- 
ceptors are relatively preserved in AD, whereas M2 
and nicotinic receptors are markedly decreased. 37 
The Ml receptors, although largely preserved in 
number, may not be completely functional. They ap- 
pear to be partially decoupled from G-protein second- 
messenger systems. 37 

Other neurotransmitters and modulators. Non- 
cholinergic transmitters and neuromodulators are 
also affected in AD. Serotonin is reduced by 50 to 
70%, GABA is reduced by 50%, somatostatin is re- 
duced by 40 to 60%, and norepinephrine is reduced 
by 30 to 70%. 33 - 39 Receptors for serotonin, glutamate, 
and somatostatin are also decreased in AD. 40 



Mutations 
Down syndrome (trisomy 21) 

APP mutations (various) 



Chromosome 14 (PS1 
mutation) 

Chromosome 1 (PS2 
mutation) 

Genetic risk factors 

Chromosome 19 (ApoE-4) 

Chromosome 12 (low-density 
lipoprotein receptor-related 
. protein) 

Chromosome 6 (HLA-A2) 



Chromosome 17 



Increased APP production 
with enhanced generation 
of Ap 

Altered APP processing 
resulting in increased 
production of A$ 

Increased Ap production 
Increased Ap production 



Increased AfJ aggregation 

Lipoprotein receptor 
mediating the molecular 
effects of ApoE-4 

HLA histocompatibility allele 
regulating the 
inflammatory response 

Bleomycin hydrolase; 
implicated in APP 
processing 



APP = amyloid precursor protein; AJ5 = amyloid B-protein; PS — 
presenilin; ApoE = apolipoprotein-E ; HLA = human leukocyte 
antigen. 

Mutations causing AD. Mutations involving 
chromosomes 21, 14, and 1 cause AD. 4142 The muta- 
tions are inherited in an autosomal dominant mode 
of transmission and, when present, usually cause 
familial early-onset AD, although there is an unusu- 
ally wide range in age of onset of disease in individ- 
uals with the chromosome 1 mutation. 43 In families 
carrying the mutations that cause AD, there is vari- 
ability in age of onset and in phenotypic heterogene- 
ity. These differences among family members 
carrying identical mutations suggest that environ- 
mental factors modify both the timing and the symp- 
tom profile of disease presentation. 44 Table 2 
summarizes the mutations associated with AD and 
their effects on cellular metabolism. 

Down syndrome. Down syndrome was the first 
genetic syndrome to be linked to AD. Down syn- 
drome patients over the age of 30 almost universally 
have AD-type pathology in the brain, and the preva- 
lence of dementia in Down syndrome also increases 
with age. 45 Patients with Down syndrome have three 
copies of chromosome 21, which bears the gene for 
the amyloid precursor protein (APP), and have in- 
creased production of A0 protein, the toxic protein 
fragment derived from APP. 46,47 

Chromosome 21 mutations. Several mutations of 
the APP gene on chromosome 21 have been described 
in patients with early-onset familial AD. These mu- 
tations occur near the beginning and end of the AJJ 
peptide (i.e., at cleavage sites in the precursor pro- 
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tein). They affect APP processing in different ways, 
but all increase the production of A£,* 7 particularly 
the form with 42 amino acids, which has the greatest 
association with neurotoxicity. 42 * 47 ' 48 

Chromosome 14 (presenilin 1) mutations. Several 
mutations of the presenilin gene on chromosome 14 
have been described, and these appear to account for 
a majority of cases of familial early-onset AD. These 
mutations also increase the production of A0 42. 474fi 

Chromosome 1 (presenilin 2) mutations. A small 
number of families who originated in Germany and 
migrated to the Volga River area of Russia before 
coming to the United States are at risk for familial 
AD. These individuals have mutations on chromo- 
some 1 (presenilin 2). 49 Like the presenilin 1 muta- 
tions, those in the presenilin 2 gene are associated 
with increased production of Ap. 50 The two presenilin 
genes are very similar; both are transmembrane pro- 
teins with six to nine transmembrane domains and a 
high degree of amino-acid sequence homology. 47 

The effect common to all mutations that cause 
AD — trisomy 21, APP mutations, presenilin 1 muta- 
tions, and presenilin 2 mutations — is the overproduc- 
tion of Ap. Moreover, it is the 42-amino-acid type of 
Ap, that is increased by these mutations, and this 
type appears to be more toxic than other forms of 
amyloid. 

Risk factors for AD. Mutations account for only a 
small number of patients with AD (less than 5%). 
Most of the patients with mutations have early-onset 
familial AD, whereas most patients with AD have 
dementia syndromes that begin later in life and are 
sporadic or occur in families without a specific auto- 
somal dominant pattern of inheritance. Several risk 
factors applicable to sporadic AD have been identi- 
fied, including genotypes that confer vulnerability 
(e.g., susceptibility genes) and epigenetic factors 
such as age, female, gender, small head size, intelli- 
gence, educational level, history of head trauma, and 
as yet undetermined environmental influences. 

Vulnerability genes. Three genes have been de- 
scribed that contribute to vulnerability to AD with- 
out having an obligatory association with the 
disease. Individuals carrying one of these genes are 
at increased risk for AD, but AD occurs in individu- 
als without these risk factors and individuals carry- 
ing the risk factors may not develop the disease. The 
first such risk factor to be described was the ApoE 
e-4 allele. The three common alleles of ApoE are e-2, 
e-3, and e-4. Of these, e-3 is the most common, fol- 
lowed by e-4 and e-2 (table 3). 51 ApoE-4 increases the 
risk for developing AD and is associated with an 
earlier age of onset. 52 ApoE-4 increases the deposi- 
tion of Ap (primarily Ap 40), appears to facilitate the 
configurational change from diffuse to aggregated 
amyloid in a p-pleated sheet configuration, 53 and is 
associated with an increased frequency of neuritic 
plaques and more marked cholinergic deficiency. 
Neurofibrillary tangles are not more abundant in pa- 
tients with the e-4 allele. 53 ' 54 ApoE may play an im- 
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Table 3 Frequency of ApoE alleles in Alzheimer's disease (AD) 
patients and controls living in the community 51 



AD Patients (n = 234) Controls (n = 304) 

Genotypes (%) (%) 

2/2 0 0 

3/2 3.4 12.5 

3/3 38.5 59.9 

4/2 4.3 4.9 

4/3 41.0 20.7 

4/4 12.8 0.7 
Allele frequencies (95% confidence intervals) 

2* 0.02-0.06 0.08-0.12 

3* 0.5&-0.65 0.73-0.80 

4* 0.31-0.40 0.11-0.16 



*p< 0.001. 

portant role in growth and maintenance of the 
nervous system, and the e-4 allele may confer less 
advantage in these functions than e-2 and e-3. 55 

The low-density lipoprotein receptor-related pro- 
tein gene (LRP), an ApoE receptor, is coded for by 
alleles on chromosome 12. The protein has T and C/C 
alleles, and the C/C allele is associated with an ear- 
lier age of onset and a significantly greater abun- 
dance of neuritic plaques. These effects were 
demonstrable even in the absence of an e-4 allele, 
suggesting that other ligands of the receptor protein 
may be associated with AD. 56 These observations are 
provocative and require confirmation before the role 
of the LRP gene in AD can be more fully understood. 

The human leukocyte antigen (HLA)-A2 allele on 
chromosome 6 has been associated with an earlier 
age at onset of AD. 57 The HLA alleles comprise a 
tightly linked group of genes that form the major 
histocompatibility complex in humans and regulate 
the immune response. The immunologic aspects of 
AD may be mediated in part by these HLA genes, 
with the A2 allele conferring a risk for earlier onset 
of AD. Further studies of this association are war- 
ranted. 

Bleomycin hydrolase, encoded on chomosome 17, 
resembles proteases implicated in APP processing 
and have been associated with AP suseptibility. 58 

Family history of AD. A family history of AD is a 
risk factor for developing the disease, and the risk 
extends beyond those family members with identi- 
fied risk factors such as mutations or an ApoE-4 
genotype. When followed into their late 80s or 90s, 
approximately 50% of first-degree relatives of AD 
patients will have developed the disorder. This fre- 
quency is two- to four-fold the risk for elderly indi- 
viduals without a family history of AD. 59 * 60 

Age. Age is a powerful risk factor for AD. Both 
the prevalence and the incidence of AD double ap- 
proximately every 5 years after the age of 60. Preva- 
lence rises from approximately 1% in 60- to 64-year- 
olds to 2% in those aged 65 to 69, 4% in those aged 



70 to 74, 8% in those 75 to 79, 16% in those aged 80 
to 85, and approximately 35 to 40% in those over the 
age of 85. 6162 Similarly, the incidence increases from 
approximately 2.5% for subjects aged 75 to 79 to 5% 
for those 80 to 85 and almost 10% for those aged 85 
and older. 63 The overall prevalence of AD after the 
age of 65 is approximately 10%. 

Among the neurobiologic changes of normal aging 
that may contribute to the risk for AD symptoms are 
loss of neurons, loss of synapses, decrease in the size 
of the dendritic domain of neurons, reduction in neu- 
ronal number and size in the nucleus basalis of Mey- 
nert, and decrease in cortical ACh. Neuritic plaques 
and rare neurofibrillary tangles (confined to the hip- 
pocampus) also may occur in the course of normal 
aging. 6 *' 65 

Female gender. More women live into the risk 
period for AD and therefore women are more com- 
mon in populations of AD patients. When adjust- 
ments are made for survival, women continue to be 
at slightly greater risk than men for AD. 66 * 68 

History of head trauma. Several studies have 
found that previous head injury is a risk factor for 
AD, 69-71 and a few failed to confirm this asso- 
ciation. 72-74 These discrepancies may be explained by 
a synergistic interaction of head trauma, ApoE-4 ge- 
notype, and amyloid deposition in post-traumatic 
encephalopathy. 75 * 77 There is deposition of immuno- 
reactive A3 in the cortical ribbon after head trauma, 
and this process appears to be amplified if the pa- 
tient has an ApoE-4 genotype. Synaptic relationships 
between neurons may also be disrupted by diffuse 
axonal injury sustained at the time of head injury. 78 
These predisposing factors increase the likelihood of 
the later appearance of AD. 

Head circumference and brain size. Individuals 
with smaller heads are at increased risk for AD. This 
risk remains evident after adjustment for possible 
confounding influences such as weight, height, ApoE 
genotype, gender, and education. 79-81 Smaller brain 
size has also been associated with an earlier onset of 
AD. 82 Larger brains have more nerve cells with more 
synaptic connections, which may confer greater pro- 
tection against the symptoms of AD. 83 

Intelligence. Lower cognitive function has been 
associated with a higher risk for AD, independent of 
the effect of education. 84 Higher intelligence is asso- 
ciated with larger brain size and more rapid nerve 
conduction. 85 These factors may increase cognitive 
reserve (see below) and thus may prevent or defer 
the onset of AD, whereas lower intelligence increases 
the likelihood of manifesting AD. 

Protective factors. The age of onset or clinical 
detection of AD may be delayed by several exogenous 
and endogenous factors. These "protective" factors 
may be of great importance in planning rational 
therapies for AD. 

ApoE-2 genotype. The ApoE-4 genotype increases 
the risk for AD; in contrast, the ApoE-2 genotype is 
correlated with a decreased risk for AD. 86 Patients 
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interact with A£; (b) ApoE-2 may protect against the — * 
formation of intraneuronal neurofibrillary tangles 87 ; 
(c) ApoE-2 is reported to have neuroprotective anti- 
oxidant activity 88 ; and (d) lipid-bearing native 
ApoE-2 and ApoE-3 bind A0 very well but ApoE-4 
binds Ap poorly. 89 - 30 This may allow native E2 and 
E3 to promote successful A$ clearance bound to 
ApoE rather than self-aggregation and deposition. 
Because ApoE-2 binds neuronal receptors for ApoE 
much less efficiently than ApoE-3 and ApoE-4, 91 
ApoE-2 may exert neuroprotective effects by failing 
to deliver A0 to neurons. 

Nonsteroidal anti-inflammatory drugs. Several 
studies have shown that the use of nonsteroidal anti- 
inflammatory drugs (NSAIDs) is associated with a 
lower risk for AD. 92 " 96 In addition, NSAIDs have been 
associated with a slower rate of cognitive decline in 
patients with the disease. 97 The effect of NSAIDs 
may be mediated through their impact on inflamma- 
tory processes that occur in neuritic plaques (partic- 
ularly those processes mediated by microglia). 

The principal targets of the NSAIDs in wide use 
that appear to reduce AD risk in epidemiologic stud- 
ies include cytooxygenases (COX) I and II. It is hy- 
pothesized that major side effects arise from COX I 
inhibition, whereas COX II is the target of choice for 
reduction of inflammation. COX II inhibition is a 
focus of major pharmaceutical company interest. 98 
The cellular targets for anti-inflammatory treatment 
are the reactive glia, especially microglia, which are 
closely associated with neuritic plaques. 15 In the 
CNS, however, COX II is present not only in micro- 
glia but also in neurons. COX II is reduced in AD, 
presumably because of neuron loss. 99 COX II inhibi- 
tion in AD may directly affect neuronal function as 
well as the inflammatory glia. 

Antihistamine agents also may have beneficial ef- 
fects that reduce the risk or delay the onset of AD. 100 

Estrogen replacement therapy. Estrogen replace- 
ment therapy (ERT) in postmenopausal women has 
been found to confer a decreased risk for AD. 101 The 
risk decreased with increasing dose of estrogen and 
with an earlier age of menarche. Women who receive 
ERT have been found to perform at a higher cogni- 
tive level than those who do not. 102 Estrogens exert a 
variety of actions that are potentially useful in AD, 
including neurotrophic functions, neuroprotective ef- 
fects, and benefits on cerebral blood flow. 103 Estrogen 
also increases CAT activity in the basal forebrain. 104 
Males have lifelong sources of brain estrogen through 
the intracerebral conversion of testosterone to estro- 
gen and thus avoid late-life estrogen deficiency. 103 

Education and challenging occupations. Educa- 
tion has a protective effect, reducing the risk for AD. 
Several studies have found that higher levels of edu- 
cation are associated with a delay in the onset of 
AD. 105 - 109 This effect is most apparent in studies com- 
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Figure 5. Hypothesized cascade of events leading from 
mutations or risk factors to Afi production, nerve cell 
death, neurotransmitter deficiencies and the emergence of 
the dementia syndrome. 112 * 113 



paring those with little or no education to those with 
at least a secondary education, but some studies 
have shown a dose-response relationship continuing 
through the college education level. The effect of con- 
tinuing educational activities into adult years has 
not been as extensively studied, but at least one in- 
vestigation found a benefit of continuing participa- 
tion in social and leisure activities. 110 Katzman 111 
proposed that education increases synaptic density 
in neocortical association cortex, thus increasing cog- 
nitive reserve (discussed in detail below) and delay- 
ing the symptoms by 4 to 5 years. 

The amyloid cascade hypothesis: integrating 
diverse risk enhancement and risk reduction 
factors. The amyloid cascade (figure 5) 112113 is a 
sequential series of events that is hypothesized to 
represent the principal elements of the pathogenesis 
of AD. It is supported by substantial empirical evi- 
dence and permits many observations to be inte- 
grated into a unifying model. Some aspects of the 
model are hypothetical and remain to be studied and 
others are controversial; the model will evolve as 
additional research is conducted. 

APP is a large molecule that contains the short 
40 - 42-araino-acid Ap fragment with its carboxyl ter- 
minus embedded in the transmembrane domain. No 



neurotoxicity is associated with APP per se or with 
non-Ap-containing domains. A major catabolic path- 
way for APP begins with cleavage by an ot-secretase, 
which cuts within the Ap region, thus preventing 
production of Ap. A normal minor pathway, which is 
increased by farnilial AD mutations, requires two 
cleavage events to liberate Ap. First, a p-secretase 
cleaves the APP molecule at the amino terminus of 
Ap. Then a -y-secretase cleaves the molecule at the 
carboxy terminus, releasing the Ap fragment. This 
processing occurs primarily in endosomes leading to 
extracellular Ap, with a minor fraction of Ap 42 ap- 
parently produced in or near the endoplasmic reticu- 
lum and detectable as intracellular Ap. 47114116 
Aggregation of Ap into p-pleated sheet conformation 
oligomers or fibrils correlates with the occurrence of 
toxicity in vitro. This fibrillar form is found in ma- 
ture plaques with degenerating neurites. Although 
representing only about one-fifth of the total Ap pro- 
duced, the 42— arnino-acid form of Ap has two addi- 
tional hydrophobic amino acids so that it aggregates 
into stable p-pleated sheet oligomers and fibrils 
much more readily than the 40-amino-acid 
form. 116117 All known mutations that are apparently 
causally linked to AD increase the production of Ap 
(specifically the 42-amino-acid form), and some of the 
other risk factors for AD are also associated with 
increased Ap production, including normal aging and 
traumatic brain injury. 

Amyloid p -protein is hypothesized to contribute to 
the clinical syndrome of dementia by adversely af- 
fecting neuron function and, ultimately, survival. 
The mechanisms by which this is accomplished re- 
main unresolved, with evidence for several different 
hypotheses based largely on in vitro observations. Ap 
increases production of H 2 0 2 , leading to oxidative 
damage and cell death. 118119 Oxidative stress refers 
to the cytotoxic effects of free radicals, such as the 
superoxide ion, hydroxy radicals, and H 2 0 2 , which 
can be generated during normal or abnormal cellular 
activities that utilize molecular oxygen. 120 Oxygen 
radicals produce injury to neuronal membranes and 
to mitochondrial DNA. 121 Oxidative injury also may 
make neurons more vulnerable to dysfunction pro- 
duced by the excitatory amino acid glutamate. 122 
Free radicals may contribute to aggregation and dep- 
osition of Ap and to binding of ApoE-4 to Ap. 123 In 
addition to direct effects on neuronal oxygen radical 
production, Ap-induced activation of microglia re- 
sults in toxic free radical and cytokine secretion. 
This may further damage neurons. 124 The presence of 
increased lipid peroxidation and evidence for dam- 
aged mitochondria in AD cerebral cortex supports 
the existence of increased oxidative damage in AD. 123 

Ap protein disturbs calcium homeostasis and in- 
creases intraneuronal calcium concentrations that 
may activate intracellular proteases, lipases, and 
other enzymes leading to cell death. 113125 - 128 ^Phos- 
phorylation is also controlled by intracellular cal- 
cium, and Ap may be involved through this mecha- 
nism in both cell death and promotion of 
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neurofibrillary tangle formation. 113 Calcium influx 
also may damage mitochondria, resulting in in- 
creased generation of free radicals and oxidative in- 
jury. 

Unlike amyloid plaques and tangles, which appear 
to plateau early in the course of the disease, neuron 
loss continues to occur as dementia progresses in 
patients followed from biopsy to autopsy. 127 128 Neuro- 
nal death is not equally distributed across all 
cerebral hemispheric regions. The hippocampus, 
amygdala, and mediotemporal regions are most af- 
fected, followed by the temporo-parieto- occipital 
junction and then by the frontal heteromodal cor- 
tex. 129 In addition, transmitter source nuclei are af- 
fected, including the nucleus basalis of Meynert, 
locus ceruleus, and midbrain raphe. Disturbances in 
these regions lead to deficiencies in ACh, norepi- 
nephrine, and serotonin, respectively. The selective 
vulnerability of neurons in AD remains unexplained. 
Braak and Braak 18 observed that neurons with long 
intrahemispheric connections are the most vulnera- 
ble to injury in AD. The combined histologic and 
neurochemical abnormalities produce the dementia 
syndrome observed clinically. 

Hemispheric asymmetries in the effects of neuro- 
nal and neurochemical dysfunction in AD contribute 
to the heterogeneity of the clinical syndrome. PET 
reveals that in most patients there is similar bilat- 
eral involvement of the parietal and posterior tempo- 
ral regions. 129 Patients with disproportionately 
prominent aphasia exhibit greater left hemispheric 
hypometabolism, whereas those with more pro- 
nounced visuospatial deficits exhibit more profound 
right hemispheric abnormalities. 130 ' 131 Patients mani- 
festing psychosis or marked agitation have greater 
involvement of frontal and temporal cortex than pa- 
tients without these associated behavioral distur- 
bances. 182 

Among the first manifestations of neuronal dys- 
function is the failure to maintain the most distant 
cellular ramifications. Therefore, loss of synaptic 
density would be a predictable early manifestation of 
neuronal alterations. Normal aging and trauma re- 
duce synaptic connections and may exaggerate the 



effects of AD-related neuronal damage. Conversely, 
the effect of education is to increase neuronal con- 
nectivity, thus increasing the threshold between the 
effects of neuronal dysfunction and the appearance 
of symptoms. Finally, both estrogens 133 and 
NSAIDs 134 exert neuroprotective effects that might 
reduce the occurrence or ameliorate the progression 
of the dementia syndrome. Therefore, many of the 
risk factors and protective factors that have been 
identified in AD can be placed in the context of their 
effects on maintaining neuronal function and resist- 
ing the adverse effects of A^ on neuronal survival. 

Cognitive reserve and symptom thresholds. 

The cognitive reserve hypothesis posits that individ- 
uals manifest different thresholds for symptom oc- 
currence with brain dysfunction. Those with a 
greater reserve can sustain more brain disturbance 
before manifesting symptoms, whereas those with 
little cognitive reserve become symptomatic with 
more limited functional insults. An individual 
with more neuronal connections than another, for 
example, could sustain a substantially greater 
amount of neuronal dysfunction before becoming 
symptomatic. In degenerative disorders this would 
be translated into a decreased prevalence of the dis- 
ease at a given age or a decreased severity of the 
disease for a given disease duration (figure 6). 

Both genetic and environmental factors contribute 
to cognitive reserve. Genetic influences may influ- 
ence synaptic density, which may have an effect on 
native intellectual ability, brain size and weight, and 
neuronal efficiency. 135 Environmental influences that 
affect cognitive reserve include education, age, and a 
history of head trauma. These also may be mediated 
in part by effects on synaptic density. Evidence in 
favor of the cognitive reserve hypothesis has been 
obtained from studies of delirium, human immuno- 
deficiency virus encephalopathy, and vascular de- 
mentia as well as AD. 135-137 The effect is not disease- 
specific but occurs in different types of brain 
dysfunction. 

In a study of aged patients with normal cognitive 
function who were found at autopsy to have many 
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neocortical plaques, Katzman et al. lS8 noted that 
these asymptomatic patients had greater brain 
weights and larger numbers of neurons compared to 
age-matched controls. The reserve hypothesis pre- 
dicts that these patients were able to sustain a de- 
gree of neuropathologic change consistent with early 
AD but had sufficient cognitive reserve to remain 
asymptomatic. 

The threshold hypothesis predicts that AD pa- 
tients with higher educational levels and greater in- 
tellectual capacity would have greater brain reserve 
and therefore could sustain substantially more cere- 
bral dysfunction before becoming symptomatic. This 
prediction is consistent with the observations of Al- 
exander et al., 139 who found that estimates of pre- 
morbid intellectual ability were inversely correlated 
with the cerebral metabolism in AD patients (higher 
levels of education with lower levels of metabolism). 
Likewise, the presence of more severe brain disease 
at the time the symptom threshold is crossed in pa- 
tients with higher cognitive function might predict 
that they would survive for a shorter period after 
becoming symptomatic and would experience more 
rapid cognitive decline or live for shorter periods of 
time after onset of symptoms; these predictions also 
have been confirmed. 140141 

Figure 6 shows the interaction of the amyloid cas- 
cade with cognitive reserve and symptom thresholds. 
At one extreme is normal aging, with its very grad- 
ual production of Ap such that dementia does not 
occur within the normal human lifespan. Patients 
with high educational levels are less likely to evi- 
dence AD, as observed empirically. At the other end 
of the spectrum are patients with Down syndrome, 
who have both reduced cognitive reserve and over- 
production of Ap, leading to occurrence of the demen- 
tia syndrome early in life. Next most severely 
affected are those with the inherited autosomal dom- 
inant forms of AD, in which Ap is generated in un- 
usual quantities, leading to the appearance of the 
dementia syndrome in late midlife. Next in order of 
appearance are patients who have normal Ap pro- 
duction but are genetically at risk because of the 
presence of the ApoE-4 genotype or other disease- 
promoting factors. These lifetime trajectories inter- 
act with thresholds such that those who have a past 
history of head trauma, small heads, low intellectual 
function, or little education become symptomatic at 
earlier times than those with more propitious life 
circumstances. Although this model requires greater 
investigation and elaboration, it provides a frame- 
work for further research and an explanatory model 
for many observations; substantial evidence consis- 
tent with the model has accumulated. 

Opportunities for treatment of AD. The amy- 
loid cascade provides a means of conceptualizing 
therapeutic opportunities in AD. From a public 
health perspective, the increased longevity expected 
for the general population will increase the number 
of AD patients. Reducing the frequency of AD might 
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be achieved by encouraging education and environ- 
mental enrichment strategies in childhood and by 
reducing the likelihood of head injury through use of 
seat belts, protective helmets, and better head pro- 
tection in contact sports. 

Currently available AD-specific therapies are of 
two types: symptomatic approaches based on en- 
hancement of cholinergic function, and neuroprotec- 
tive approaches utilizing antioxidant agents. Modest 
cognitive improvement has resulted from the admin- 
istration of cholmomimetic agents. The available 
cholinesterase inhibitors tacrine and donepezil, 142-145 
and emerging agents such as metrifonate, rivas tig- 
mine, eptastigmine, galantamine, and long-acting 
physostigmine, promise to provide practitioners with 
a range of cholinergic therapies. 146 In addition, cho- 
linesterase inhibitors and cholinesterase receptor 
agonists have been shown to reduce the behavioral 
abnormalities often associated with AD. 147 ' 148 Cho- 
linesterase inhibitors improve function by enhancing 
residual cholinergic * activity. Although the cholin- 
ergic disturbance may contribute to abnormal APP 
processing and cholinergic therapies may modulate 
this effect, 149 no definite d^ease-modifying effects of 
cholinergic enhancement therapy have been demon- 
strated. 

Neuroprotective agents have been successfully 
employed to slow the progress of AD. Sano and col- 
leagues 160 demonstrated that ot-tocopherol or selegi- 
line retarded the progress to major milestones in AD 
and reduced the loss of ability to perform activities of 
daily living. a-Tocopherol and selegiline did not im- 
prove existing symptoms. 

Reduced Ap production is an obvious therapeutic 
target in AD. In diseases such as Down syndrome, in 
which APP is overexpressed, regulation of the APP 
gene could be targeted by genetic therapies that 
would modulate gene activity. Increasing or amplify- 
ing the a-secretase pathway in favor of the p- and 
•v-secretase pathways might reduce the production of 
Ap. Blockade of p- or 7-secretase offers another 
means of decreasing Ap production. Finally, Ap ag- 
gregation might be blocked through effects on 
ApoE-4 or through agents that block the conforma- 
tional change of Ap into the p-pleated sheet. 151 

As noted above, inflammatory pathways are acti- 
vated in the neuritic plaques of AD, and NSAIDs 
may slow the progress and defer the onset of AD. 
Steroids or NSAIDs with acceptable side-effect pro- 
files for chronic use in the elderly might represent 
useful approaches in the treatment of AD. 14 COX II 
inhibitors are under investigation. 

Neuroprotective strategies also require more in- 
tensive study. Higher doses of a-tocopherol, use of 
other monoamine oxidase inhibitors, and exploration 
of other classes of antioxidant agents are warranted. 
As noted, the influx of calcium may be an integral 
part of neuronal injury in AD, and calcium-channel 
blockers should be tested for their potential thera- 
peutic utility. 162 The possible role of excitatory amino 
acids in the mediation of cell death suggests that 



blockade of N-methyl-D-aspartate (NMDA) receptors 
might be of benefit. 122 

Epidemiologic studies support a role for estrogen 
in the prevention and treatment of AD. The compo- 
nents of estrogen active in this regard, the role of 
conjugated estrogen preparation in AD, and the po- 
tential benefit of androgen manipulation in males 
require intensive investigation. 

Nerve growth factor (NGF) prevents the degener- 
ation of basal forebrain cholinergic neurons in exper- 
imental models of AD. 153 NGF does not cross the 
blood-brain barrier and must be administered intra- 
ventricularly or must be carried to the ceU by im- 
planted viral vectors. The latter approach has been 
used successfully in mice. 154 This suggests the possi- 
bility of transplantation therapy in AD, using viral 
vectors to transport NGF into the basal forebrain 
from a surgical implantation site. 

Although — given the role of ACh in memory and 
cognition — almost all transmitter replacement re- 
search has focused on cholinergic treatment, treat- 
ment of other transmitter deficits in AD might be of 
benefit. Serotonin, norepinephrine, and somatostatin 
are reduced in the AD brain, 39 and development of 
therapeutic approaches using these transmitters and 
modulators is indicated. 

Finally, psychotropic agents, including antipsy- 
chotics, antidepressants, anxiolytics, sedative hyp- 
notics, and anti-agitation drugs, are available for 
treatment of the behavioral disturbances that occur 
in many AD patients. 155 These have not been sub- 
jected to rigorous double-blind studies, however, and 
their utility in AD requires more investigation. 

Several general therapeutic principles emerge 
from consideration of the cascade approach to under- 
standing the pathophysiology of AD. First, interven- 
tions that occur earlier in the cascade will have a 
greater opportunity to prevent symptoms and will 
have a greater effect on the panoply of events that 
characterize the ensuing AD process. Second, it is 
unlikely that agents sufficiently effective to inter- 
rupt the AD process entirely will be without substan- 
tial adverse effects on normal and necessary brain 
function. Therefore, it is more likely that synergistic 
partial effects at multiple steps will be required for 
treatment of AD. Poly-agent therapy can be antici- 
pated. Third, agents that slow the progress of AD do 
not improve existing symptoms. Conversely, cholin- 
ergic agents that improve symptoms have little effect 
on the course of the illness. Therefore, treatment 
with cholinergic agents to improve symptoms, in con- 
junction with agents that slow the progress, repre- 
sents a possible combination regimen. Fifth, because 
poly-agent therapy is anticipated, it is imperative for 
the interaction of agents to be carefully considered 
during the process of drug development. Agents may 
have interactions at the absorption, distribution, or 
site of action phases of therapy. In addition, combi- 
nations of side effects might be intolerable, or syner- 
gistic effects may produce enhanced benefits. 
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relatively stereotyped symptoms, and causes disease 
at an unusually young age. It produces characteristic 
pathologic findings at autopsy. It is in the older age 
groups that application of the disease concept be- 
comes more ambiguous. Neuritic plaques have been 
considered a part of the normal aging process be- 
cause they are not infrequently found in nonde- 
mented elderly individuals at autopsy. 21 The 
distribution of neuropathologic changes in elderly 
nondemented individuals is identical to the pattern 
of distribution of the more abundant changes found 
in symptomatic individuals. 157 160 Moreover, long- 
term follow-up of asymptomatic individuals reveals 
that those who go on to dementia perform at a lower 
neuropsychological level during presymptomatic 
phases than do matched controls who do not proceed 
manifest dementia. 161162 Whether late-onset sporadic 
AD should be viewed as an exaggeration of changes 
that occur at a low level of intensity in the course of 
normal aging, or as a separate and distinct disease 
process that occurs at very high frequencies in the 
elderly but is often asymptomatic at the time of 
death, is uncertain. 

The second fundamental question is, can AD be 
prevented? AD potentially can be prevented by iden- 
tification of individuals at high risk for the illness 
and treatment with agents that intervene in the 
pathogenetic cascade. Because most AD occurs late 
in life, slowing the onset of the illness by a single 
decade would be equivalent to preventing its occur- 
rence. This strategy depends on identifying persons 
at risk for or in the presymptomatic phases of AD. 
Research as to how best to identify individuals early 
in the disease course is imperative. 

Third, can AD be cured? Curing AD would require 
that symptomatic individuals would have sufficient 
improvement in symptoms to function normally. If 
cure means reversal of cell death, then cure is impos- 
sible with currently foreseeable technologies. If cure 
means becoming asymptomatic until death, then it is 
conceivable that patients detected in early stages 
and treated with agents producing substantial symp- 
tomatic relief could be cured. 

Fourth, should treatment of AD be stage-specific? 
AD is conceptualized as at least a three-stage illness 
encompassing mild, moderate, and severe phases. 129 
A reasonable therapeutic goal in AD is to prolong the 
period of functionality and to reduce the period of 
disability. From a pharmaco therapeutic point of 
view, this would entail the use of anti-amyloid, neu- 
roprotective, and symptomatic therapies early in the 
course when functionality can be improved and 
maintained for a longer period of time. Prolongation 
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of the late phase of the illness may be undesirable for 
some patients and families. End-stage-specific ther- 
apy might emphasize agents aimed at increasing 
comfort and decreasing behavioral disturbances. 

Summary. This is a particularly exciting time in 
the evolution of AD research. Sufficient information 
has accumulated to develop preliminary pathoge- 
netic hypotheses and to provide a framework for 
therapeutic investigations. Treatments that improve 
the symptoms are available; neuroprotective thera- 
pies have been identified; and discovery of more 
disease-modifying agents is anticipated. Promising 
new agents are emerging and combination therapies 
appear promising. As the therapeutic armamentar- 
ium grows, increasingly effective and individualized 
therapies are envisioned. These advances offer hope 
that individuals with AD and their families can be 
spared the ravages of this tragic illness. 
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Abstract 

Over the past decade, an increased clinical awareness, together with advances in biochemical, cellular, and molecular analyses, 
have catapulted the study of Alzheimer disease to the forefront of biomedical research. During this time, a great number of 
theories, regarding disease pathogenesis, have come and gone but several have persisted. Here, we critically evaluate these theories 
in an attempt to delineate the facts from the artifacts. © 1998 Elsevier Science B.V. All rights reserved. 



1. Introduction 

The pace of research on Alzheimer disease (AD) 
has grown exponentially over the past decade as 
reflected in the increased number of publications (Fig. 
1). Yet, by measures of our understanding of the 
pathogenesis of the disease, we are not much closer to 
a mechanistic view of its etiology than we were over 
two decades ago, when many of the ideas directing 
this research were initiated. Obviously, the study of a 
multisystem brain disorder with genetic and sporadic 
factors and involving essentially half of the aged pop- 
ulation is complex (Smith, 1998). Indeed, an emerging 
view is that AD is more than a single etiological 
entity, but rather part of the spectrum of degenerative 
diseases affecting the aged that share common etiolo- 
gies. Here, we consider where our knowledge of AD 
stands, the facts, and those aspects, which often led to 
the investigator-induced interpretation, that are the 
artifacts of AD. 
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2. What is Alzheimer disease? 

One of the changes in our understanding of AD 
from a public health standpoint was the realization 
that AD was not a disease restricted to middle-aged 
patients, as described in the original study by Alois 
Alzheimer (Alzheimer, 1907). In studies of the elderly, 
the lesions that Alzheimer described in a woman in 
her 50's were shown to be identical and correlated to 
the extent of senile dementia in the aged (e.g. Roth et 
al., 1966, 1967; Tomlinson et al., 1970). In fact, as 
discussed later, age is the greatest risk factor for the 
development of AD with an exponential increase in 
disease incidence beginning at 65 years (Fig. 2). 



3. Diagnosis 

The diagnosis of AD is not based on defined qualita- 
tive features but, rather, is differentiated from normal 
aging based on the number of senile plaques in the 
cortical extracellular space and neurofibrillary tangles 
within vulnerable neurons. Since the disease is defined 
by these lesions, it is perhaps not surprising that they 
are also the focus of research efforts (Roses, 1994). Yet 
in formulating the diagnostic and consequent disease 
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Fig. I . Comparison of the number of publications per year related to 
two important human brain diseases 'Alzheimer disease' and 
'glioblastoma', based on analysis of entries in Medline with those key 
words in the title or abstract. Note the number of articles related to 
Alzheimer disease has enjoyed an exponential increase since the mid 
1970s while the number of articles related to glioblastoma has in- 
creased more modestly. 

description based on the pathological lesions, the prior 
conceptual basis that dementia stemmed from vascular 
disease was completely excluded (Khachaturian, 1985; 
Mirra et aL, 1991). Indeed, cases of dementia displaying 
cerebrovascular disease, including those with consider- 
able numbers of neurofibrillary tangles and senile 
plaques, are not considered as AD. While at first ap- 
pearance, this leaves AD as a well-defined entity, it 
obviously also precludes any understanding of the in- 
teraction between factors affecting the vasculature and 
AD. Therefore, while dementia due to vascular com- 
promise underlies at least 20% of cases of clinical 
dementia (Perry and Smith, 1998), less than 1% of 
pathologically-defined AD cases show major vascular 
involvement. The exclusion of major vascular involve- 
ment from a diagnosis of AD obviously biases efforts 
to establish linkage between AD and a number of other 
age-related conditions (Smith et aL, 1996a; Grant, 1997; 
Smith et al., 1997a). Therefore, when a genetic link 
between AD and apolipoprotein E was discovered 
(Corder et al., 1993), the well-established connection 
between apolipoprotein E and vascular disease was 
never proposed as a biological or pathological mecha- 
nism. Instead, pathways related to defining links to 
neurofibrillary tangles and senile plaques were pursued 
(Strittmatter et al., 1993; Whitson et al., 1994; Richey et 
al., 1995). However, if cases with vascular complica- 
tions are included in AD, cerebrovascular atherosclero- 
sis is actually found to be a major risk factor for AD 
and the major predictor of dementia in cases followed 
prospectively (Hofman et al., 1997; Snowdon et al., 
1997). 



4. Genetics 

Genes on chromosomes 1 (Presenilin 2), 14 (Prese- 
nilin 1), 19 (apolipoprotein E) and 21 (y? protein precur- 
sor) are all genetically linked to AD and, with the 
exception of apolipoprotein E which is considered a 
risk factor, are responsible for the majority of AD cases 
with autosomal dominant inheritance [reviewed in 
Selkoe (1997)]. At most, 5% of all cases of AD show a 
clear autosomal inheritance. The implications of these 
genetic findings are fiercely debated and one of the 
major thrusts is an argument in favor of a primary role 
for amyloid-/? since alterations in amyloid-/? 
metabolism are affected by all of the genetic mutations 
[reviewed in Selkoe (1997)]. Indeed, mutations in si- 
protein precursor or presenilins 1 and 2 either lead to 
increased amyloid-/? and/or greater formation of the 42 
amino acid form of amyloid-)?. Together these promote 
amyloid-/? fiber formation by, respectively, increasing 
amyloid-/? concentration (mass action) or lowering 
amyloid-/? solubility (critical concentration). Nonethe- 
less, the importance of amyloid aggregation, including 
amyloid-/?! _ 42 , in initiating AD stems from concepts 
learned from in vitro experiments, while in vivo studies 
instead suggest that amyloid-/? deposits he in morpho- 
logical proximity to normal structures such as neurons 
(Allsop et al., 1989) and vessels (Kawai et al., 1990). 
This indicates that the morphogenesis of amyloid-/? 
polymers, like physiological polymers such as micro- 
tubules which form on centrioles, are initially deposited 
on non-amyloid-/? containing structures, i.e. amyloid-/? 
in vivo is unlikely to be self-nucleated. In this vein, 
amyloid-/? interactions with heparan sulfate proteogly- 
cans (Snow et al., 1990), r of neurofibrillary tangles 
(Smith et al., 1995a), gangliosides (Choo-Smith et al., 
1997) or other components undoubtedly play a key role 
in aggregation (Perry et al., 1991). Therefore, while 
amyloid-/?j _ 42 ma y ^ orm tne initial amyloid-)? deposits 
found in AD, the mechanisms for amyloid-/? deposition 
may be quite distinct from those governing free amy- 
loid-/? in a test tube. One only needs to look at a senile 
plaque in the microscope to appreciate its structural 
complexity involving microglia, astrocytes and neurons 
as well as a host of protein-associated elements. Which 
factor is essential for the deposition of amyloid-/? in the 
brain is not yet established, however, the lack of amy- 
loid-)? deposits in Down syndrome until late childhood, 
even though amyloid-/? levels are high throughout life 
(Teller et al., 1996), suggests that age-related changes 
play a pivotal role in determining whether amyloid-)? 
remains soluble or is deposited. 

The extent and intensity of research into amyloid-)? is 
somewhat surprising in light of the fact that amyloid-/? 
deposits show only a weak relationship to dementia, 
and there is no evidence for a primary role for amyloid- 
/? in the disease. Further, although amyloid-/? polymer- 
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ization is linked to increased toxicity in vitro (Sayre et 
al., 1997), the relationship in vivo is more complex. 
Injection of isolated senile plaques into rat brains 
(Frautschy et al., 1992) or incubation of primary cul- 
tures of rat neurons with amyloid-/? (or isolated senile 
plaques, Canning et al., 1993; DeWitt et al., 1998) 
shows that, under circumstances closest to physiologi- 
cal, amyloid-/? is not toxic. Consistent with these find- 
ings, transgenic mice with massive amyloid-)? deposits 
(Hsiao et al., 1996) or normal cases of aging with 
abundant diffuse senile plaques show no neuronal loss 
arguing against a direct role for amyloid-/? in neuronal 
death and not supporting the amyloid cascade hypothe- 
sis (Hardy and Higgins, 1992). Therefore, efforts to link 
the genetic factors to amyloid-)? metabolism alone seem 
to miss the point that amyloid-)?, as well as other 
markers of the disease, are just as likely to be 'protec- 
tive' as they are 'toxic' responses to an underlying 
etiology. Simply put, at this time, all we know from the 
markers is that they are factors that could play a role in 
the disease, no more, no less. Instead, age is the major 
factor involved in the pathogenesis of AD and is more 
than the time required for amyloid-)? fibrillogenesis. 
The brain is not a beaker of a homogenous salt solution 
waiting to crystallize; anabolic as well as catabolic 
processes, which undoubtedly change with advancing 
age, must be involved in amyloid deposition. 

5. Pathological lesions and neuronal viability 

While early studies suggested that the degree of cog- 
nitive impairment in AD correlated with the numbers 
of senile plaques (Blessed et al., 1968) and neurofibril- 
lary tangles (Wilcock and Esiri, 1982), more recent 
studies indicate that, despite increasing dementia, the 
number of lesions often remain stable (Mann et al., 
1988; Bennett et al., 1993). Furthermore, considerable 
pathological involvement is often found in the absence 
of cognitive impairment. Therefore, despite being con- 
sidered as the pathological hallmarks of the disease, the 
number of senile plaques or neurofibrillary tangles is 
not a particularly good indicator of the severity of the 
disease process. Changes that correlate best with the 
decline in cognitive function include loss of pyramidal 
neurons (Mann et al., 1988) and indicators of neuronal 
connectivity such as synapse loss or neuritic alterations 
(Masliah et al., 1989, 1990; Scheff et al., 1990) suggest- 
ing that compromised neuronal function precedes and 
is more widespread than lesion formation and neuronal 
death. While synapse loss may be the most proximal 
cause of cognitive loss, its biological basis is most likely 
neuritic abnormalities. The importance of neuritic 
pathology is indicated by its occurrence in the earliest 
forms of amyloid-)? deposition found in normal aging 
(Cras et al., 1991; Rifenburg and Perry, 1995; Morris et 



al., 1996) and Down syndrome (Murphy et al., 1990). 
Furthermore, since amyloid-)? deposits, whether diffuse 
or classical, contain both amyloid-/? fibrils and neuritic 
abnormalities, there is no substantial evidence suppor- 
itng the amyloid cascade hypothesis that toxicity results 
from amyloid-/? fibrillogenesis (Hardy and Higgins, 
1992). Instead, there is a relationship that suggests 
accumulation of /? -protein precursor in dystrophic neu- 
rites may be the source of the amyloid-)? found in senile 
plaques (Perry et al., 1988; Perry and Smith, 1993; 
Praprotnik et al., 1996a). Such neuritic and synaptic 
abnormalities may be due to effects on membrane 
properties including fluidity, replenishment, integrity 
and calcium flux (Bosman et al., 1991; Nitsch et al., 
1992; Roth et al., 1995; Praprotnik et al., 1996a) caused 
by amyloid-)? protein toxicity [reviewed in Iversen et al. 
(1995)], axonal transport deficiencies (Suzuki and 
Terry, 1967; Terry, 1996; Praprotnik et al., 1996b; 
Smith and Perry, 1997) or oxidative stress (Smith et al., 
1991; Benzi and Moretti, 1995; Hensley et al., 1995; 
Smith et al., 1995b; Markesbery, 1997). 

In AD, the most studied neuronal response is the 
hyperphosphorylation of a variety of cellular proteins 
including t and neurofilament proteins (Sternberger et 
al., 1985; Saitoh et al., 1991). The effects of phosphory- 
lation are proposed as key features leading to the 
formation of insoluble protein aggregates and neurofi- 
brillary tangles. Initial proposals of specific increases in 
kinases or reduction in phosphatases (Trojanowski et 
al., 1993) have all been fraught with interpretative 
problems because the same changes in t phosphoryla- 
tion can be found normally, including in development 
(Goedert et al., 1993). Further, the biochemical proper- 
ties of neurofibrillary tangles are unchanged with phos- 
phate removal (Smith et al., 1996b) and r 
phosphorylation is not required for its incorporation 
into neurofibrillary tangles (Bondareff et al., 1995). 
Further, while phosphorylation controls the function of 
r to stabilize microtubules (Baudier and Cole, 1987), 
possibly diverting it to competing functions (Smith et 
al., 1995a), the underlying reason for increased phos- 
phorylation has not been addressed. Intriguingly, oxi- 
dative stress activates the signal transduction cascades 
between the ERK or JNK pathways, respectively, de- 
ciding whether to enter the cell cycle or die by apopto- 
sis. Neurons in AD appear to evade death by entering 
the former through activation of ERK (Smith and 
Perry, unpublished) with consequent upregulation of 
cell cycle related proteins (McShea et al., 1997). There- 
fore, increased phosphorylation may simply be a re- 
sponse to pathogenic stimuli, such as neuronal 
oxidative damage, rather than a fundamental change. 
Indeed, it appears that neurons attempt to cope with 
chronic insults of aging by using the same responses 
initiated by acute insults, such as head trauma, includ- 
ing, but not limited to, increased /? -protein precursor 
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Fig. 2. Data from the US Government Accounting Office-Health and 
Human Services analysis (1998) of the prevalence of AD in the aged 
population. 

expression (Roberts et al., 1991), cytoskeletal phospho- 
rylation (Kanayama et al., 1996) and activation of cell 
cycle-related proteins (Van Lookeren Campagne and 
Gill, 1998). 

Oxidative damage occurs not only to the lesions, 
which are extensively modified by oxidative crosslinks 
(Smith et al., 1996b), but, more significantly, is also 
found in the cell bodies of all vulnerable neurons in 
AD, whether or not they contain lesions. The source of 
damage must he close at hand, because reactive oxygen 
can diffuse only short distances within tissue. Oxidative 
damage is therefore not only independent of lesions, 
but occurs prior to the earliest described cytopathology 
associated with neurofibrillary tangles (Smith et al., 
1996c, 1997b). The relative uniformity of oxidative 
damage for all the neurons within a vulnerable popula- 
tion suggests there are factors that coordinate the re- 
sponse of involved neurons. Among the possibilities, 
amyloid-/? may play a key role since transgenic mice 
overexpressing amyloid-^ as well as cases of Down 
syndrome, known to have elevated amyloid-/? even as 
fetuses, show oxidative damage similar to AD (Odetti 
et al., 1998; Smith et al., 1998a). Another possibility is 
that nitric oxide, from neuronal or microglia inflamma- 
tion, can react with superoxide produced in neurons to 
form peroxynitrite and, in this regard, peroxynitrite-me- 
diated damage also affects all vulnerable neurons in 
AD (Smith et al., 1997b). 

6. Aluminum 

Aluminum induces neuronal neurofibrillary changes, 
probably by interfering with axonal transport of neu- 
rofilaments (Bizzi et al., 1984; Troncoso et al., 1986), 
leading to the suggestion that aluminum may be an 
environmental toxin that triggers AD (Klatzo et al., 
1965; Terry and Pena, 1965). Indeed, the correlation 
between endogenous levels of aluminum and increased 



incidence of AD supports such a notion (Martyn et al., 
1989; McLachlan et al., 1996). Further, increased con- 
centrations of aluminum in the brains of cases of AD 
(Crapper et al., 1973, 1976; Perl and Brody, 1980; 
Candy et al., 1986), while controversial (McDermott et 
al., 1979; Landsberg et al., 1992), suggested that alu- 
minum might be an important pathological or etiologi- 
cal factor. Nonetheless, more recent studies have 
suggested that aluminum is simply a marker of a funda- 
mental alteration in metal metabolism associated with 
iron accumulation (Good et al., 1992; Smith et al., 
1997c). Indeed, since aluminum and iron are both 
transported and stored respectively by transferrin and 
ferritin, the findings with aluminum may simply mark 
alterations in iron metabolism (Smith et al., 1998b) that 
also result in accumulation of redox-active iron in 
vulnerable neurons (Smith et al., 1997c, Smith et al., 
unpublished observations). Iron, in contrast to alu- 
minum, has complex biological functions that, as stated 
earlier, are altered with the onset of AD and are highly 
integrated with oxidative balance (Smith et al., 1997c). 

7. Aging 

Age represents, by far, the single greatest risk factor 
for development of AD (Fig. 2) and, even in geneti- 
cally-predisposed individuals, the disease rarely occurs 
prior to age 50. Therefore, regardless of whether or not 
one is genetically predisposed, aging is an essential 
factor in AD, strongly suggesting that an age-related 
process is involved in the development of the disease. 




B C 
"AD Related" Neuronal Death 

Fig. 3. In 'normal' neuronal death, neurons (A) proceed through 
apoptotic (B) or necrotic changes prior to death (C). In contrast, in 
AD, neurons vulnerable to death, live for years even though they 
show extensive neurofibrillary tangle and senile plaque involvement 
(B) prior to death (C) marked by the remaining extracellular neurofi- 
brillary tangle. 
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This age-related penetrance is not restricted to AD and 
is also a risk factor in a number of other chronic 
diseases including other neurodegenerative diseases, 
cancer, atherosclerosis, arthritis and emphysema indi- 
cating the possibility that there may be common etiolo- 
gies among degenerative diseases (Grant, 1997). So 
while discussing AD as a defined disease entity with a 
single pathogenesis, data also supports AD as a part of 
the repertoire of age-related compensations that main- 
tain 'normal' functioning during aging. The high con- 
cordance of AD and other age-related diseases (Grant, 
1997) certainly suggests that differentials in age-related 
compensations are central to development of AD and 
other degenerative diseases. Viewed in this light, genet- 
ics is a window, to unlock the compensations that 
maintain normal function. Understanding the role of 
these compensations will show if the cellular changes 
associated with formation of neurofibrillary tangles and 
senile plaques are responses to aging that preserves 
neuronal life (Fig. 3) as an alternative to apoptotic 
death. Albeit, a response that eventually leaves neu- 
ronal structures so modified, they cannot maintain neu- 
ronal physiological function in information transfer. 

8. Conclusions 

Despite intense research, the pathogenesis of AD still 
remains enigmatic and is likely to remain so for the 
foreseeable future. The primary responsibility is that 
while AD may have a single cellular pathogenesis, the 
etiology is heterogeneous. Nonetheless, as research 
drifts away from the study of genetic and physiology 
focused on lesions to more fundamental cellular pro- 
cesses, such as oxidative imbalance that change with 
advancing age, an appreciation of the primary patho- 
genesis will emerge and possibly lead to the develop- 
ment of effective therapeutic strategies. 
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SUMMARY Formation of carbonyls derived from lipids, proteins, carbohydrates, and nu- 
cleic acids is common during oxidative stress. For example, metal-catalyzed, "site-specific" 
oxidation of several amino acid side-chains produces aldehydes or ketones, and peroxida- 
tion of lipids generates reactive aldehydes such as malondialdehyde and hydroxynonenal. 
Here, using in situ 2,4-dinitrophenylhydrazine labeling linked to an antibody system, we 
describe a highly sensitive and specific cytochemical technique to specifically localize biomac- 
romolecule-bound carbonyl reactivity. When this technique was applied to tissues from 
cases of Alzheimer disease, in which oxidative events including lipoperoxidative, glycoxida- 
tive, and other oxidative protein modifications have been reported, we detected free car- 
bonyls not only in the disease-related intraneuronal lesions but also in other neurons. In 
marked contrast, free carbonyls were not found in neurons or glia in age-matched control 
cases. Importantly, this assay was highly specific for detecting disease-related oxidative 
damage because the site of oxidative damage can be assessed in the midst of concurrent 
age-related increases in free carbonyls in vascular basement membrane that would con- 
taminate biochemical samples subjected to bulk analysis. These findings demonstrate that 
oxidative imbalance and stress are key elements in the pathogenesis of Alzheimer disease. 

(J Histochem Cytochem 46:731-735, 1998) 
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Although oxidative stress and consequent free 
radical damage are involved as a major cytopathologi- 
cal mechanism in a number of diseases and in normal 
aging, methods to document free radical involvement 
have not grown at the same rate as hypotheses. This 
gap has stemmed primarily from problems in quanti- 
fying free radicals in vivo, because they are rapidly re- 
moved by antioxidants or quenched by reaction with 
biopolymers. In addition, normal metabolism gener- 
ates abundant free radicals, such that detecting them 
without knowing the balance of oxidants and antioxi- 
dants is not biologically meaningful. This aspect has 
been circumvented by methods to detect excess radical 
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production. Although detection can be performed us- 
ing exogenous agents that are specifically modified by 
free radicals, such as spin traps (Young et al. 1996), 
endogenous macromolecules can also be used as indi- 
cators because protein, DNA, and lipids are all chemi- 
cally changed by oxidative stress (Stadtman 1993). 

Modifications of proteins and polynucleotides take 
two forms: (a) adduction reactions by highly reactive 
intermediate products of lipid peroxidation or glyca- 
tion, and (b) direct oxidative modification of the mac- 
romolecules. In the case of proteins, powerful oxidiz- 
ing agents such as the hydroxyl radical directly modify 
amino acid side-chains, resulting in a diverse array of 
altered amino acids that are used to assess oxidative 
damage (Stadtman 1993). Among the most widespread 
of these modifications, and one that is considered spe- 
cific for oxidative damage, is the generation of free 
carbonyls that are not present on nonoxidized pro- 
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teins (Levine et al. 1994). 2,4-Dinitrophenylhydrazine 
(DNP-H) reacts with free carbonyls and can therefore 
serve as a marker for the extent of oxidative damage 
to a given protein (Szweda et al. 1993). However, al- 
though this method has been validated as an indicator 
of oxidative damage for a number of tissues and iso- 
lated proteins (Smith et al. 1991), the procedure does 
not provide histological resolution. Such cellular local- 
ization is essential for analysis of tissue when one con- 
siders that the vascular basement membrane and ex- 
tracellular matrix proteins, which can contaminate 
many biochemical samples, contain abundant oxidative 
modifications as a consequence of their long half-lives. 

Here we report a highly specific and sensitive 
method to cytologically define oxidative damage that 
is based on the DNP-H reaction with free carbonyls 
but involves subsequent immunocytochemical enhance- 
ment. The technique is demonstrated using tissue sec- 
tions from cases of Alzheimer disease and controls, be- 
cause glycoxidative and lipoperoxidative damage are 
well documented in the pathological lesions of Alzhei- 
mer disease, neurofibrillary tangles and senile plaques 
(Yan et al. 1994; Smith et al. 1994,1995a,b,1996,1997; 
Montine et al. 1996; Sayre et al. 1997). 

Materials and Methods 

Tissue 

The hippocampus extending from the entorhinal cortex to 
the full hippocampus from six cases of Alzheimer disease 
(ages 76-90), three age-matched controls (ages 70-78), and 
three younger controls (ages 32-64) was fixed in Methacarn 
(methanol:chloroform:acetic acid 60:30:10) at 4C for 24 hr. 
Tissue was dehydrated through ascending ethanol solutions 
and xylene and then embedded in paraffin (-60C). Sections 
of 6 \x,m sections were prepared with a microtome (Leica), 
placed on Silane-coated glass slides (Sigma; St Louis, MO), 
and sequentially deparaffinized in xylene and rehydrated in 
descending ethanol. Endogenous peroxidase activity was in- 
activated by treating with 3% H2O2 in methanol for 20 min 
to block artifactual staining from endogenous peroxidase ac- 
tivity (Stemberger 1986). Although H 2 0 2 might itself, or syner- 
gistically with tissue-bound iron, create carbonyl residues, 
deletion of this step had no effect on subsequent DNP-H 
labeling for the experiments shown here. However, a control 
that omits the H2O2 treatment step should be performed 
with each experimental paradigm. After blocking endoge- 
nous peroxidases, tissue was hydrated in ethanol (70, 50, 
and 30%) to 50 mM Tris-HQ, 0. 15 M NaCl, pH 7.6 (TBS). 

Dinitrophenyl Labeling 

Sections were covered with 0.1-0.001% DNP-H in 2 N 
HCl. All incubations were done in a humidified plastic box. 
After a 1-hr incubation at room temperature (RT), sections 
were exhaustively rinsed in TBS, followed by a 30-min incu- 
bation in 10% normal goat serum (NGS) to block nonspe- 
cific binding sites. After rinsing with 1% NGS/TBS, a rat 



monoclonal antibody (LO-DNP-2; Zymed, San Francisco, 
CA) to dinitrophenyl (DNP) was diluted 1:100 in 1% NGS/ 
TBS and incubated with the sections at 4C for 16 hr. Sec- 
tions were then rinsed with 1 % NGS/TBS followed by goat 
antiserum to rat IgG (Boehringer-Mannheim; Indianapolis, 
IN) diluted 1:50 with 1% NGS/TBS. After rinsing in 1% 
NGS/TBS, rat peroxidase-anti -peroxidase complex (1CN) 
(1:250) in the same buffer was incubated with the section at 
RT for 1 hr, after which it was rinsed with 1% NGS/TBS. 
Peroxidase activity was localized by development for 5-10 min 
with 0.015% H 2 0 2 in 50 mM Tris-HCl, pH 7.6, with 0.75 
mg/ml 3,3'-diaminobenzidine (Sigma). Development of the 
sections was directly monitored for maximal contrast under 
die X 10 objective of a Zeiss Axioskop 20 microscope. 

Chemical and immunochemical controls were used to de- 
fine carbonyl-specific binding. Chemical reduction of free 
carbonyls and SchifT bases was performed by incubating sec- 
tions with 25 mM sodium borohydride (NaBHJ in 80% 
methanol for 30 min at RT before incubation with DNP-H. 
Specific reduction of SchifT bases, while leaving carbonyls in- 
tact, was performed with 50 mM sodium cyanoborohydride 
in 0.1 M phosphate buffer, pH 6.0, for 1 hr at RT. Immu- 
nochemical specificity was demonstrated by omission of the 
antibody to DNP or the DNP-H treatment. Immunoabsorp- 
tion of the antibody to DNP was performed by incubating 
die antibody (1:100) with 5 mM pyruvate 2,4-dinitrophenyl- 
hydrazone (stock 1 mg/ml in ethanol) at 4C for 16 hr and 
comparing the resulting immunoreactivity with unabsorbed 
antibody that had been similarly treated with 5% ethanol. 

Results 

DNP-H derivatizes free carbonyls on biomacromole- 
cules, leading to DNP adduction to the carbonyl- 
containing biomacromolecule. In contrast, reaction of 
DNP-H with SchifT bases formed between exogenous 
carbonyl compounds and proteinaceous lysine side- 
chains leads to release of soluble dinitrophenylhydra- 
zones with no fixation of the DNP moiety to the tissue. 
By examining the sites of DNP adduction from reac- 
tion with DNP-H, localization of oxidative damage at 
the cytological level can be achieved. Without subse- 
quent antibody enhancement, DNP-H showed only 
faint yellow staining of the large blood vessels in the 
brains of aged individuals. No staining of other brain 
cells or of the pathological changes of Alzheimer dis- 
ease was seen (data not shown). DNP-H reaction and 
consequent DNP adduction to the walls of large ves- 
sels may not be surprising because extracellular ma- 
trix proteins abundant in vessels accumulate oxidative 
modifications, probably owing to their long half-life 
(Salomon et al. 1997). Consistent with this interpreta- 
tion, the large vessels of the aged individuals stained 
more intensely than those of the young (data not shown) 
(Salomon et al 1997). Although this assay was specific 
for free carbonyls, e.g., it is blocked with prior reduc- 
tion of carbonyls with NaBH 4 , but not NaCNBH 3 , the 
value of the direct detection assay with DNP-H is lim- 
ited because it does not detect the pathological sites of 



Cytochemical Demonstration of Oxidative Damage 



733 



known oxidative damage in the lesions of Alzheimer 
disease. Therefore, sensitivity was increased by cou- 
pling the chemical reaction of DNP-H to an enzyme- 
linked immunocytochemical technique to detect bound 
DNP. This method showed prominent DNP adduct 
formation not only in large vessels (not shown) but 
also in the cell bodies and apical dendrites of the pyra- 
midal neurons of the hippocampus in cases of Alzhei- 
mer disease (Figures 1A and 1C). In contrast, DNP ad- 
ducts were undetectable in the neuronal cytoplasm of 
young or age-matched controls and in microvessels (Fig- 
ure IB). In addition to cytoplasmic staining of popula- 
tions of large pyramidal neurons, intraneuronal neu- 
rofibrillary tangles were also recognized (Figure 1A, 
arrows). Other populations of neurons, e.g., dentate 
granule cells, were also stained, but with lesser intensity. 
Senile plaques (including dystrophic neurites, P-amyloid 
deposits, microglia, astrocytes, and adjacent oligoden- 
drocytes) showed no reaction with DNP-H. 

The specificity of the method to detect free carbonyls 
was demonstrated by chemical and immunochemical 



controls. In the former case, reduction of free carbonyls 
with NaBH 4 blocked DNP-H binding (Figure ID), 
whereas reduction of Schiff bases with NaCNBH3 was 
again without effect (not shown). Immunochemical val- 
idation was demonstrated by performing all of the fol- 
lowing: omitting DNP-H treatment, omitting the anti- 
body to DNP, or absorbing the antibody to DNP with 
the DNP-H derivative of pyruvate (Figure IE). These 
immunochemical controls were critical to ensure the 
use of an antibody detection technique that is highly 
sensitive and specific, e.g., we found several different 
rabbit antisera to DNP that showed such high back- 
ground staining for neurons that it was often difficult 
to note specific staining, whereas the rat monoclonal 
antibody showed no background staining. 

Tissue was fixed in the non-crosslinking fixative 
Methacarn (methanol:chloroform:acetic acid 60:30:10), 
but we had similar results using unfixed or samples 
fixed in 80% ethanol. In contrast, tissue fixed in form- 
aldehyde-based fixatives, as well as sections from tissue 
fixed in Methacarn but later treated with formalde- 




Figure 1 Free carbonyls were detected in cases of Alzheimer disease (A) not only in the pathological lesions of the disease, i.e., neurofibril- 
lary tangles (arrows) but also in cytoplasm of neurons (large arrowheads). By contrast, in age-matched (B) and young controls none are la- 
beled. DNP-H adduction in a case of Alzheimer disease (C) is completely blocked by prior reduction by NaBH 4 (D), omission of DNP-H, or ad- 
sorption of anti-DNP with DNP-pyruvate (E). * indicates landmark present in each adjacent serial section (C-E). Bars = 50 pm 
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Figure 2 Schematic representation of the relationship between 

agjng- ( ) and disease ( )-related oxidative damage, 

showing that the accumulation of damage in long-lived extracellu- 
lar matrix proteins (A) represents the vast majority of total modifi- 
cations in tissue (C). Therefore, using whole-tissue homogenates, 
disease-related increases (A) in neuronal carbonyls (B) might not be 
appreciated in relation to the total (C). Using in situ techniques as 
described herein, the increased neuronal carbonyls are readily ap- 
parent. Note: Scale bars for carbonyls in A and C are a magnitude 
higher than in B. 



hyde, displayed nonspecific DNP-H adduction through- 
out the section, making them unsuitable for study. 



Discussion 

2,4-Dinitrophenylhydrazine (DNP-H), when coupled 
to immunochemical enhancement, can detect oxida- 
tive damage produced by a pathological condition, 
Alzheimer disease. It is of interest that the adduction 
of DNP-H was limited to cell bodies of neurons. This 
is essentially the same localization noted for adducts 
of the highly reactive lipid peroxidation product hy- 
droxynonenal (Sayre et al. 1997) and for nitrotyrosine 
(Smith et al. 1997), the result of peroxyni trite- medi- 
ated damage. In all these cases, neuronal cytoplasm 
showed evidence of damage whereas glia and senile 
plaques showed none. 

Absence of oxidative damage in the senile plaque is 
surprising in light of reports that senile plaques are the 
source of oxygen radicals in Alzheimer disease. First, 



p-amyloid, the primary component of senile plaques, 
is suggested to produce free radicals through a novel 
mechanism (Butterfield et al. 1994). Second, P-amyloid 
interaction with the RAGE receptor of microglia leads 
to free radical production (Yan et al. 1996). Third, se- 
nile plaques accumulate iron, which may be available 
to generate hydroxyl radicals through Fenton chemis- 
try (Grundke-Iqbal et al. 1990; Connor et al. 1992; 
Levine et al. 1994; Jefferies et al. 1996; Smith et al. 
1997). Yet, when we examine free carbonyls, as here, 
lipid peroxide adducts (Sayre et al. 1997), or peroxy- 
nitrite-mediated damage (Smith et al. 1997), we find 
no increase in damage in senile plaques. Absence of 
oxidative damage in senile plaques argues either that 
p-amyloid and the surrounding cells are not suscepti- 
ble to oxidative damage, that radical production by 
senile plaques is balanced by antioxidant defenses, or 
that some neuron-specific macromolecules are very 
susceptible to oxidation. Although it can be argued 
that p-amyloid, because of its tight P-structure and 
low lysine content, may be less susceptible than lysine- 
rich cytoskeletal proteins, cytoskeletal proteins also 
accumulate as paired helical filaments in the abnormal 
neurites surrounding senile plaques. Why cytoskeletal 
proteins exhibit no oxidative damage in senile plaque 
neurites and do exhibit damage while in the neuronal 
cell body as neurofibrillary tangles is a major unre- 
solved issue of our findings. Nevertheless, our results 
do not support the senile plaque as the primary site of 
free radical imbalance. Because reactive oxygen spe- 
cies (ROS) have short diffusion distances through tis- 
sue, our findings instead implicate an ROS source 
within the cell body. Although the paired helical fila- 
ments might play this role (Yan et al. 1994; Smith et 
al. 1995a), their absence in most neurons showing in- 
creased free carbonyls, as well as their presence in se- 
nile plaque neurites, does not strongly argue for their 
involvement in neuronal oxidative damage. Another 
possibility is mitochondria, because mitochondrial res- 
piration is associated with ROS production and be- 
cause significant mitochondrial abnormalities (Davis et 
al. 1997) and altered metabolism (Smith et al. 1997) 
are found in AD. In this regard, the specificity of dam- 
age to neuronal vs glial cytoplasm is expected if ROS 
depends on high metabolic activity, because neurons 
are among the most oxidative cells of the body. This, 
together with possible differences in either the suscep- 
tibility or the clearance of damaged proteins, may be 
responsible for the observed difference. It is tempting 
to speculate that neuronal damage involves not only 
the cytoskeletal proteins that bear glycoxidative (Le- 
desma et al. 1994; Yan et al. 1995) and lipoxidative 
(Smith et al., unpublished observation) adducts but 
also nuclear components. Furthermore, the latter find- 
ing is consistent with the increased DNA fragmenta- 
tion noted in Alzheimer disease (Su et al. 1994), because 
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oxidative strand cleavage and repair of oxidative base 
modification are major causes of DNA fragmentation 
that may be incorrectly ascribed to apoptosis (Tsang et 
al. 1996). 

Our finding of increased neuronal DNP-H adduc- 
tion is consistent with biochemical studies demon- 
strating increased DNP-H-derived adducts by assay of 
tissue homogenates from normal aging and Alzheimer 
disease (Smith et al. 1991). However, in light of the 
large number of free carbonyls in the vasculature of ail 
samples, particularly of the aged, the specificity and 
sensitivity of whole-tissue analysis to detect disease re- 
lated increases, particularly for an age-related disease, 
are limited. Therefore, disease-related neuronal dam- 
age could be masked by damage to vessels when 
whole-tissue homogenates are used (Figure 2). 

Another approach is to use the enhanced DNP-H 
immunochemical technique to identify specific proteins 
modified on immunoblots or by isolation (Smith et al. 
1991; Shacter et al. 1994; Nakamura and Goto 1995). 
Coupling of cytological and biochemical approaches 
not only may give greater specificity and sensitivity to 
oxidative damage measurement but may also lead to a 
greater appreciation of its dynamic nature. 
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Abstract 

Inflammatory reaction is thought to be an important contributor to neuronal damage in neurodegenerative disorders such as 
Alzheimer's disease (AD), Parkinson's disease (PD), multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS) and the parkinsonism 
dementia complex of Guam. Among the toxic agents released in brain tissues by activated cells, we focus attention in this review on 
peroxynitrite, the product of the reaction between nitric oxide (NO) and superoxide. Peroxynitrite is a strong oxidizing and nitrating agent 
which can react with all classes of biomolecules. In the CNS it can be generated by microglial cells activated by pro-inflammatory 
cytokines or p-amyloid peptide (p-A) and by neurons in three different situations: hyperactivity of glutamate neurotransmission, 
mitochondrial dysfunction and depletion of L-arginine or tetrahydrobiopterin. The first two situations correspond to cellular responses to 
an initial neuronal injury and the peroxynitrite formed only exacerbates the inflammatory process, whereas in the third situation the 
peroxynitrite generated directly contributes to the initiation of the neurodegenerative process. © 1999 Elsevier Science B.V. All rights 
reserved. 
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Contents 



1. Introduction 154 

2. Formation of peroxynitrite and reactions with biological compounds 1 54 

3. The formation of peroxynitrite in the CNS 155 

3.1 . By reaction of NO from Type-I NOS with OJ from the mitochondrial respiratory chain 156 

3.2. By activation of microglial cells 156 

3.3. By impairment of oxidative metabolism 157 

3.4. By Type-I NOS activity in arginine- or tetrahydrobiopterin -depleted conditions 158 

4. Relevance of peroxynitrite to neurodegenerative disorders 158 

4.1. Amyotrophic lateral sclerosis 158 

4.2. Multiple sclerosis 159 

4.3. Alzheimer's disease 159 

4.4. Parkinson's disease 159 

5. Peroxynitrite as a mediator of neuronal damage 160 

Acknowledgements 160 

References 160 



" Corresponding author. Fax: +33-4-6714-3429; E-mail: jtorreil@univ-montp2.fr 
1 Present address: Faculte des Sciences III — Tripoli nord-Liban BP: 826, Lebanon. 



0165-0173/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved 
PII: S0165-0173(99)00014-4 




154 



F. Torreilles et al / Brain Research ReuieM's 30 (1999) 153-163 



1. Introduction 

The association of many proteins known to be involved 
in inflammatory processes with senile plaques and mi- 
crofibrillary tangles in chronic neurodegenerative disorders 
like Alzheimer's disease (AD), Parkinson's disease (PD), 
multiple sclerosis (MS), amyotrophic lateral sclerosis 
(ALS) and the parkinsonism dementia complex of Guam is 
consistent with the autotoxic loop hypothesis developed by 
McGeer and McGeer [56,57] (Fig. 1). 

These authors assume that in a first step, an initial insult 
promotes neuronal damage with the deposit of debris that 
activates the microglial cells leading to the release of 
cytotoxic agents and initiation of the classical complement 
cascade [80]. The toxic products thus produced cause 
neuronal death which in turn spurs an inflammatory reac- 
tion. This reaction can be a self-sustaining autodestructive 
force in which cell response injures bystander neurons and 
produces further lesions. Thus, a vicious cycle of damage 
can be generated and sustained. 

Accumulating evidence has implicated not only reactive 
oxygen radicals but also nitric oxide (NO) in the inflam- 
matory process. Here we provide a brief account of present 
knowledge regarding the product of the reaction between 
NO and superoxide (0^~), namely, peroxynitrite, which is 
thought to mediate the toxic action of these species [6] and 
play an important role in sustaining as well as initiating the 
inflammatory autotoxic loop in the pathogenesis of neu- 
rodegenerative disorders. 



2. Formation of peroxynitrite and reactions with biolog- 
ical compounds 



Radicals like NO and 07 have little propensity to react 
with non-radical biomolecules because such reactions are 
electronically unbalanced and do not result in additional 
bond formation which favors such reactions. However, the 
reaction rate for combination between NO and 0^~ occurs 
at the near diffusion-limited rate of 4.3 to 6.7 X 10 9 M" 1 
s~ ! generating peroxynitrite [36,60,68], a potent oxidant 
and nitrating agent capable of attacking and modifying 
proteins, lipids and DNA as well as depleting antioxidant 
defences (Fig. 2). Because nitric oxide reacts with OJ 
three-fold faster than superoxide dismutase (SOD) (k = 2.3 
X 10 9 M -1 s" 1 ), NO is the only known biomolecule 
capable of out competing SOD for available OJ. Thus, NO 
and Oj can be considered as components of a binary 
chemical weapon which, when mixed, produce a toxic 
compound: peroxynitrite. 

The peroxynitrite shows a high reactivity toward aque- 
ous C0 2 leading to the formation of very reactive interme- 
diates that are more efficient nitrating species than perox- 
ynitrite itself [79]. C0 2 is ubiquitous in tissue and then the 
reaction of peroxynitrite with C0 2 accounts for a large 
fraction of the peroxynitrite reactivity in vivo. In CNS this 
reactivity could be a factor which exacerbates nitration of 
tyrosine residues particularly in pathologies which promote 
acidosis. 



Initiation 
step 

1 

Cell death 




Oxygen- and nitrogen- Cell response 

activated intermediates 

Microglia activation 
Complement activation 
Protein synthesis induction 

Fig. 1 . The autotoxic loop model proposed for the inflammatory mechanism in neurodegenerative disorders. 
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OH" + N0 2 + 
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nitrogen dioxide, hydroxyl radical 



ArOH 
phenol 

l 

N0 2 ArOH 
nitration 

Fig. 2. Formation and chemical reactivity of peroxynitrite. 



N0 3 " + N0 2 " 
nitrate nitrite 



Peroxynitrite reacts in complex ways with different 
relevant biomolecules. It has been shown to induce lipid 
peroxidation, cause DNA strand scission, oxidize cysteine, 
lysine, methionine and histidine residues and nitrate hete- 
rocyclic compounds like tryptophan and guanine or pheno- 
lics like tyrosine [20,42,46]. This last reaction, leading to 
3-nitro-L-tyrosine, may be injurious via several possible 
mechanisms: (i) alteration of tyrosine phosphorylati on-de- 
pendent signaling because nitrotyrosine resembles phos- 
photyrosine and may irreversibly block tyrosine phospho- 
rylation, (ii) modification of protein conformation and 
enhancement of proteolysis by introduction of a negative 
charge in hydrophobic tyrosine and (iii) initiation of au- 



toimmune processes because nitrophenols are known to be 
highly antigenic [6]. 



3. The formation of peroxynitrite in the CNS 

Because the concentrations of SOD and 07 in a given 
tissue are relatively constant, the primary driving force for 
peroxynitrite formation is the NO concentration. In the 
CNS, three NO-synthase isoforms, neuronal Type-I NOS, 
inducible Type-II NOS and endothelial Type-Ill NOS, can 
generate NO. They catalyze the formation of NO and 
citrulline from L-arginine via the intermediate A^-hydroxy- 



H 2 N O 
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Y 
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HjN COOH 
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NADPH 



-Hg NH 
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NH 
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Fig. 3. Schematic representation of NOS-catalyzed reactions. 
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Consequently, peroxynitrite can be generated in the CNS 
in different ways. 



3.1. By reaction of NO from Type-I NOS with 0 2 from 
the mitochondrial respiratory chain 
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Fig. 4. Production of by autoxidation of flavoproteins. 



arginine (Fig. 3). (This review will not include a great deal 
of detail about the biochemistry and pharmacology of 
NOSs as there are many excellent review articles 
[53,78,80]). 

The citrulline formed can leave the cell or be converted 
back to arginine via the enzymes argininosuccinate lyase 
located in Bergmann glia and argininosuccinate synthetase 
located in basket cells, stellate cells, Golgi cells and mossy 
fibers. Type-I NOS has been detected in the cerebellum, 
the hypothalamus, the striatum, the hippocampus and the 
medulla oblongata. Type-II NOS is located predominantly 
in microglia and astrocytes [43]. Type-Ill NOS has been 
detected in microvessels and motor neurons from rodents 
[11,21,24,25,41,64,66] and humans [2,13,14]. 

O 2 can be formed as a by-product of the mitochondrial 
respiratory chain generated primarily by autoxidation of 
flavoproteins [78] (Fig. 4) or during the respiratory burst of 
phagocytes via the activation of NADPH-oxidase [48]. 



In normal brain, such a pathway seems to be unlikely 
since Okabe et al. [65] recently shown that SOD, the 
enzyme which scavengers 07, colocalizes with NOS in the 
hippocampus and the cerebellum where NO plays an im- 
portant role as neuromediator. However, in the case of 
hyperactivity of glutamate neurotransmission [61] and 
mitochondrial dysfunction, including focal trauma, epilep- 
tic seizure, ALS, PD and other neurodegenerative diseases, 
the excessive intracellular calcium accumulation leads to 
an abnormal activation of Ca 2+ -dependent enzymes, in- 
cluding the Type-I NOS. Then, the excess NO may react 
with OJ to form peroxynitrite [10,72,74,85]. 

Moreover, excess NO may also promote an increase of 
production by binding to the heme moiety of the 
cytochrome c oxidase, the complex IV of the electron 
transport chain in the mitochondrial membrane. This bind- 
ing may cause a transient inhibition of the electron flow 
yielding an increase in 0 2 ~ synthesis by complexes I and 
III (which are relatively insensitive to NO) thus favoring 
the intracellular production of peroxynitrite [12] (Fig. 5). 

3.2. By activation of microglial cells 

Microglial cells account for approximately 20% of the 
total glial population in the CNS. They belong to the 
mononuclear phagocyte system and form the resident 
macrophages in the brain, the spinal cord and the retina 
[47]. 
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ONOO" 
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Inhibition of mitochondrial 
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Fig. 5. Relationship between the hyperactivity of glutamate (Glu) neurotransmission and peroxynitrite formation. 
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Microglial cells are normally in a resting and immun- 
odepressed state, but in most inflammatory CNS disorders, 
they become gradually activated. Fully activated microglial 
cells have a strong respiratory burst activity and generate 
07. As other phagocytes, they also produce growth factors 
[16] to promote tissue repair and cytokines, proteases, 
Type-II NO synthase and prostanoids to destroy invading 
micro-organisms and remove potentially deleterious debris. 
In vitro experiments have shown that activated microglial 
cells can become neurotoxic by producing peroxynitrite 
from NO and 0 2 ~ [11,37]. 

Microglial cells can be activated by pro-inflammatory 
cytokines, IL-1, IL-6 and TNFct, as well as by ^-amyloid 
peptide O-A) [82,90], the first 42 amino acids of amyloid 
precursor protein (APP) (Fig. 6). Cleavage of this protein, 
which is composed of about 700 amino acids, generates 
soluble cleavage peptides, including (3-A. The soluble 3-A 
monomer has strong propensity for self-aggregation into 
an insoluble aggregated (3-pleated sheet form [45,55]. Nil- 
son et al. [63] described three states of P-A able to 
promote the simultaneous production of 0^~ and NO, and 
thus, peroxynitrite: the soluble P-A monomer, a diffuse 
amyloid deposit and mature filamentous amyloid plaques. 
The last two forms are more potent in activating microglia. 

The P-A soluble form is present in the cortical extracel- 
lular space and in the cerebrospinal fluid. It can initiate 
microglial cell activation, NO production, inflammation 
and necrotic cell death by disturbing calcium ion gradient 
across the cell [4,35]. 

The insoluble form of P-A abnormally accumulates in 
the brain and degenerative neurons in many neurodegener- 



ative diseases. It has been shown by Le et al. [49,50] to 
cause apoptotic cell death in vitro through the generation 
of NO. Recent evidence indicates that lipoproteins trans- 
port the hydrophobic P-A in cerebrospinal fluid. Lipopro- 
teins favor microglial cell activation and P-A endocytosis 
[9,87]. 

The greater part of data on microglia NO generation 
were obtained using rodent cells, whereas Colton et al. [15] 
by Greiss reaction on microglia cultures, Walker et al. [89] 
by measuring Type-I NOS gene expression on human 
microglia cultures, and Vodovotz et al. [88] by immuno- 
cytochemistry on brains from normal subjects and 
Alzheimer patients have shown that, mouse and rat mi- 
croglia effectively secrete large amounts of NO while 
human and hamster microglia generate very small even no 
amounts of NO. As for human monocytes, the NO produc- 
tion from human microglia remains to be formally proved. 
But, in vivo, this demonstration is made difficult because 
astrocytes and microglia function cooperatively in generat- 
ing the innate immune response of brain [57]. 

33. By impairment of oxidative metabolism 

A reduction in thiamine-dependent enzymes, leading to 
cell impairment has been observed in many neurodegener- 
ative diseases [54,75]. Calingasan et al. [11] described a 
rodent thiamine deficiency model to study the mechanisms 
involved in neuronal damage. These authors observed a 
breakdown of the blood-brain barrier associated with en- 
hanced expression of Type-Ill NOS in microvessels and 
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Fig. 6. Production of peroxynitrite by activated microglial cells. 
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the presence of numerous inducible Type-II NOS im- 
munoreactive microglia. This excessive vascular NO pro- 
duction can generate peroxynitrite by reaction with OJ, 
which is also increased. Such a pathway for peroxynitrite 
formation may be postulated in cerebral amyloid angiopa- 
thy, which is frequently associated with AD [84,93]. 

3.4. By Type-I NOS activity in arginine- or tetrahydro- 
biopterin-depleted conditions 

Type-I NOS and Type-U NOS catalyze electron transfer 
from NADPH to 0 2 in the first step of the NO-production 
mechanism (Fig. 7). At low arginine concentrations [62,67], 
however, Type-II NOS strongly reduces the NADPH oxi- 
dation rate, while Type-1 NOS still oxidizes NADPH with 
an unmodified rate and then reduces 0 2 to give 0 2 ~. 

Using electron paramagnetic resonance spin trapping 
techniques, Xia et at. [91] monitored NO and OJ forma- 
tion in intact cells. These authors, found a 20-fold increase 
of 0 2 " formation in Type-I NOS-transfected human kidney 
293 cells as the cytosolic L-arginine levels decreased from 
70.4 to 15.8 julM, while there was only a four-fold decline 
in NO generation. The NOS inhibitor iV-nitro-L-arginine 
methyl ester virtually abolished the 0 2 " formation. There- 
fore, at low arginine concentrations, Type-I NOS produces 
simultaneously 0 2 " and NO at the same site and may act 
as an efficient peroxynitrite synthase. 

A similar conclusion was obtained by Gorren and Mayer 
[32] in a study of Type-I NOS activity as a function of 
tetrahydrobiopterin (BH 4 ) concentration. Type-I NOS is a 
dimeric enzyme which exhibits strong anti-cooperative 
binding of BH 4 . The dissociation constant of BH 4 to the 
first subunit was estimated [31] to be less than 1 nM, 
whereas the dissociation constant of the second BH 4 
molecule was greater than 1 jjlM. At very low BH 4 
concentrations ( < 10~ 9 M), no BH 4 molecule binds Type-I 
NOS and 0 2 ~ is produced; whereas at high BH 4 concentra- 
tions (> 10~ 6 M), two BH 4 molecules bind the enzyme 
and NO is produced. For BH 4 concentrations in between 
the two dissociation constants values, only one BH 4 



molecule binds the enzyme, both subunits function inde- 
pendently and peroxynitrite is produced. 



4. Relevance of peroxynitrite to neurodegenerative dis- 
orders 

Toxicity of peroxynitrite has been reported for cultured 
cells such as rat thymocytes [69,70], neurons (peroxynitrite 
acting as an inhibitor of glutamate uptake) [85,86] and 
PC 12 cells (large doses of peroxynitrite resulted in cell 
necrosis, whereas lower concentrations induced apoptosis) 
[22]. 

Peroxynitrite has also been suggested to contribute to 
tissue damage in AD, PD, MS, ALS and the parkinsonism 
dementia complex of Guam. 

4. L Amyotrophic lateral sclerosis 

As early as 1993, Beckman et al. [8] pointed out that 
mutations in SOD associated with the autosomal dominant 
inheritance of familial ALS could both double the steady 
state concentration of 0 2 ~" by decreasing SOD activity by 
50% and increase nitration of critical cellular targets by 
allowing a greater access of peroxynitrite to copper, a 
strong tyrosyl nitration catalysis, in the SOD active site. 
The NO required for peroxynitrite synthesis was assumed 
to be produced by inter neurons surrounding the motor 
neuron that innervates the muscle fiber. More recently 
[19], this hypothesis was strengthened by the demonstra- 
tion that the zinc affinity of four ALS-associated SOD 
mutants was decreased up to 30-fold compared with wild- 
type SOD. These investigators also showed that the motor 
neuron protein neurofilament-L (NF-L) could bind zinc 
atoms with sufficient affinity to potentially remove zinc 
from SOD and that the loss of zinc from wild-type SOD 
almost doubled the efficiency of this enzyme for catalyz- 
ing for peroxynitrite-mediated tyrosine nitration. By im- 
munohistochemistry, Abe et al. [1,2] and Chou et al. 
[13,14] detected more nitration in motor neurons of ALS 
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than in controls. This suggests an up regulation of the 
nitration of protein-tyrosine residues in motor neurons of 
the spinal cord in ALS. However, Strong et al. [81] 
recently reported that there were no significant qualitative 
or quantitative modifications in the nitrotyrosine-immuno- 
reactivity of NF-L isolated from sporadic ALS cervical 
spinal cord tissue as compared with age-matched non-ALS 
controls. The low fraction of motor neurons in all neurons 
in spinal cord could account for these opposite results. 

4.2. Multiple sclerosis 

In the CNS of animals with experimental allergic en- 
cephalomyelitis (EAE) and in patients with MS, several 
findings suggest a potential role of peroxynitrite in the 
pathogenesis of demyelinating lesions. The presence of 
NO has been demonstrated in the spinal cord of mice with 
EAE by Lin et al. [51], Type-II NOS mRNA has been 
detected in EAE models by Cross et al. [18] and Merrill et 
al. [58] observed in vitro an enhanced production by 
microglial cells of NO, which damages myelin and oligo- 
dendrocytes. More recently, Cross et al. [17] provided 
evidence for the production of peroxynitrite in CNS tissues 
from EAE mice by immunocytochemical detection of ni- 
trotyrosine. 

In MS patients, Sarchielli et al. [71] reported an overex- 
pression of the proinflammatory cytokines IL1-0, IL2, 
IFN7 and TNF and a defective production of the anti-in- 
flammatory cytokine TGF-P associated with an increase in 
Type-II NOS mRNA expression and nitrite production in 
peripheral blood mononuclear cells. This increased secre- 
tion during homing of monocytes in the CNS could con- 
tribute to damage of the blood-brain barrier by means of 
peroxynitrite formation. This assumption is strengthened 
by recent results showing elevated levels of nitrite and 
nitrates in cerebrospinal fluid in the extreme stage of MS 
exacerbation [26-28,92]. Moreover, Gurwitz and Kloog 
[33] explained the elevated glutamate and aspartate levels 
in the cerebrospinal fluid of MS patients by peroxynitrite 
generation. 

4.3. Alzheimer's disease 

The autotoxic loop hypothesis which assumes a direct 
relation between oxidative stress and neuron damage has 
been proposed as a potential pathogenic mechanism in AD 
[56,57]. Because peroxynitrite formation is an essential 
mechanism of oxidative damage and because it leads to the 
nitration of tyrosyl residues in proteins, attention has been 
focused on the immunocytochemical detection of nitrosyl 
residues in the CNS of AD patients. 

Good et al. [30] demonstrated the presence of nitrotyro- 
syl residues in neurofibrillary tangles of AD brains but not 
in controls lacking such insoluble aggregates. These results 
were extended by Smith et al. [78] to the neuronal cyto- 
plasm of neurodegenerative regions. 



Hensley et al. [34] quantified, by means of HPLC with 
electrochemical array detection, the nitrotyrosyl content in 
the hyppocampus, neurocortical regions and ventricular 
cerebrospinal fluid. These authors measured five- to eight- 
fold more nitrotyrosine in AD patients than in cognitively 
normal subjects. 

These results confirmed that oxidative stress is an im- 
portant contributor to AD and suggested that peroxynitrite 
is directly implicated in the neuronal loss which is a 
prominent feature of AD. To clarify the relationship be- 
tween protein nitration, neuron degeneration and DNA 
damage in AD, Su et al. [83] compared DNA strand 
breaking (detected by the deoxynucleotidyl transferase his- 
tochemical technique, TdT) and tyrosine-nitrated proteins 
(detected by immunocytochemistry using antibodies direct 
against nitrotyrosine) in the visual cortex from AD and 
control subjects. They demonstrated that the majority of 
TdT-labeled nuclei are associated with neurons exhibiting 
an up-regulation of nitrotyrosine expression. They con- 
cluded that, in AD, peroxynitrite can both promote DNA 
fragmentation by oxidative damage and prevent protein 
phosphorylation by tyrosine nitration, thus disturbing sig- 
nal transduction mediated by tyrosine kinases. 

Peroxynitrite thus appears as strongly implicated in 
neuronal cell death by necrotic and apoptotic processes in 
AD. 

4.4. Parkinson's disease 

PD is associated predominantly with degeneration of 
the cells in the substantia nigra, dopamine deficiency, loss 
of glutathione and Lewy body appearance. Post mortem 
studies undertaken in brain from PD patients have shown 
that oxidative damage is present and suggest that reactive 
oxygen species-mediated processes are important elements 
of the cell degeneration [39,40,52]. A model of parkinson- 
ism can be provided by intraperitoneal administration 
to mice of l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP), a selective neurotoxin of dopaminergic nigrastri- 
atal neurons. Following MPTP administration, microglial 
cell activation, astrocytosis [44], impairment of mitochon- 
drial function [59,77] and generation of reactive oxygen 
species [73] were observed, suggesting a possible genera- 
tion of peroxynitrite. 

Recent results add weight to the concept that peroxyni- 
trite plays a pivotal role in the pathogenesis of PD. Good 
et al. [29] demonstrated that antibodies to nitrotyrosine 
stain the core but not the halo of Lewy bodies in serotoner- 
gic neurons of PD patients. Ara et al. [3] observed the 
inactivation of tyrosine hydroxylase by nitration following 
exposure of PC 12 cells to either peroxynitrite or MPTP. 
Moreover, these authors observed a nitration of tyrosine 
residues in tyrosyl hydroxylase that parallels the decline in 
dopamine levels in mouse striatum after MTPT administra- 
tion. Beal [7] reported the protective effect of Type-I NOS 
inhibitors on the neurotoxicity of MPTP in both mice and 
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primates. Barker et al. [5] demonstrated the susceptibility 
of glutathione reductase, the enzyme which regenerates 
glutathione from its oxidized form, to peroxynitrite. An 
apparent 50% inhibition occurred at a peroxynitrite con- 
centration of 0.09 mM. Since loss of intracellular glu- 
tathione from substantia nigra is considered to be an early 
event in PD, these data suggest that peroxynitrite could 
contribute depleting the cells of a major antioxidant de- 
fense rendering the nigrostriatal pathway susceptible to 
toxic insult. 

Taken together, these results strongly suggest that per- 
oxynitrite might be involved in PD pathogenesis. 

5. Peroxynitrite as a mediator of neuronal damage 

The association of many inflammatory mediators with 
the lesions detected in the brain of patients with neurode- 
generative disorders such as AD, PD, ALS and MS has led 
Mc Geer and Mc Geer [56,57] to assume that the neuronal 
damage observed in these diseases is caused by a chronic 
innate immune reaction in brain. In the autotoxic loop 
model proposed by these authors, the inflammatory reac- 
tion is not believed to be the primary cause of the neuronal 
damage but only the autotoxic response to an unknown 
primary neuronal insult. 

Current evidence enables us to consider that peroxyni- 
trite, the strong oxidizing and nitrating agent formed by the 
fast reaction between NO and O J has the potential to both 
initiate and sustain the autotoxic loop considered as a 
neuronal damaging mechanism in neurodegenerative dis- 
eases. 

Under normal conditions, neurons produce NO, via 
Type-I NOS, as an intracellular messenger which has an 
important role in synaptic plasticity. Shibuki and Okada 
[76] have shown that 70-100 nM NO was produced in 
cerebellum slices after brief electrical stimulations. Since 
phagocytic cells are in a resting and an immunodepressed 
state, the intracellular concentrations of Oj are very low 
and only non-significant amounts of peroxynitrite can be 
formed. 

On the contrary, under either L-arginine- or BH ^de- 
pleted conditions, Type-I NOS monomers can function 
independently of each other. The enzyme generates perox- 
ynitrite instead of NO and can promote some neuronal 
damage with deposition of cellular debris. 

This primary neuronal insult can activate microglial 
cells and initiate the second step of the neurodegenerative 
process by induction of Type-II NOS, which produces 
large amounts of NO, and stimulation of NADPH-oxidase, 
which produces OJ. As experimentally demonstrated by 
Ischiropoulos et al. [38] in a study of rat alveolar 
macrophages activated with phorbol ester, NO becomes 
the major target of OJ to produce peroxynitrite. This 
second step corresponds to the initiation of the autotoxic 
loop, which amplifies the inflammatory reaction, increases 



the amounts of peroxynitrite generated and leads to further 
neuronal damage. 

Type-Ill NOS expressed in microvessels and motor 
neurons can also generate NO for peroxynitrite formation. 
The studies of Estevez et al. [23-25] on embryonic rat 
spinal motor neurons suggest a mechanism for peroxyni- 
trite inducing cell death which is unrelated to the inflam- 
mation model. These authors observed an expression of 
Type-Ill NOS but not of Type-I NOS by motor neurons 
cultured with brain-derived neurotrophic factor (BDNF). 
NO generated showed a protective activity on cell viabil- 
ity, through activation of soluble guanylate cyclase and 
stimulation of cGMP synthesis. On the contrary, trophic 
factor deprivation promoted Type-I NOS expression and 
cell death by apoptosis. This motor neuron degeneration 
was promoted by NO produced by Type-I NOS and re- 
versed by SOD, suggesting that formation of peroxynitrite 
initiates apoptosis. These data suggest that, in motor neu- 
rons, peroxynitrite formation can be induced by trophic 
factor deprivation. This highlights a new pathway for 
peroxynitrite in vivo generation mediated by the absence 
of cell signaling events. The formation of peroxynitrite by 
this pathway can initiate the autotoxic loop and lead to 
neurodegeneration by the mechanism we described previ- 
ously for generation of peroxynitrite by Type-1 NOS under 
L-arginine- or BH 4 -depleted conditions. 

With its strong oxidizing and nitrating properties, per- 
oxynitrite could thus play a pivotal role not only in the 
exacerbation of the neuronal damage in the brain of pa- 
tients with neurodegenerative disorders but also in the 
initiation process of these pathologies. 
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Introduction 

Multiple sclerosis is the leading cause of serious neurological disease in 
young and middle-aged adults in the United States and in Western Europe 
(Johnson et al 1979). In its classical form, the disease is characterized by 
acute exacerbations followed by spontaneous. remissions. As the disease 
progresses, many patients have fewe^ 
progressive pattto of o^e^ 
ranging from an acute, jul^ 

intervals as long as years. The prope^sity.for spontaneous remission and the , 
changing patterns of the disease with time make evaluation of therapeutic 
attempts extremely difficult 

The gross pathology of the brairr in multiple sclerosis is the presence of 
circumscribed areas, or plaques, of loss of myelin which have irregular 
borders and occur anywhere in the white rr& micro- 
scopic features of these plaques are sparing of nerve cell bodies and axons, 
areas of myelin dissolution, and an accompanying astroglial proliferation. 
Thus, multiple sclerosis has been considered the prototype of a demyelina- 
tive disease. 

In this review, I present the unique features of multiple sclerosis and then 
use this information to discuss, possible mechanisms of disease and ap- 
proaches to therapy. , ^ : .;V"/' ' r. 

Epidemiology ' : i'-W - *'* : '?: ' 

The clinical onset of multiple sclerosis is rare before the age of 15 and . 
decreases in frequency after the age of 45 years. There is a marked variation 
in the incidence (number of new patients recorded during a defined period) 
and prevalence (total number of current cases of the disease) according to 
latitude (Kurland 1970. Kurtzke 1975, Alter 1980). In Northern latitudes 
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the prevalence is higher (eg. Debark: Wltitffo Southeastern Norway: 
80/100,000; Rochester, Minnesota: W/100,000). In lower latitudes it is 
lower (e.g. Pferma, Italy; 12/100,000; Israel: 4/100,000). Near the equator 
Jhe disease is virtually nonexistent or not reported. 

This North-South gradient can be observed within a single country. For 
example, the prevalence in Rochester, . Minnesota (latitude 44° N) is 
64/100,000, while in New Orie^lj^tuo^ In Great 

Britain this latitu4in^^ 

50°), 63/100,000. In addition, there are areas such as the Orkney Islands 
(latitude 59° N> Wtere the prevalence, 4P^i^0^:u[AM % 1ittm the 
expected rate. There is also an East- West gradient: the disease is for less 
common in Japanese than in Europeans living at similar latitudes. 

A pertinent question is what happens to people who migrate from an area 
of high incidence to one of low incidence? In fad pbpu^^ 
ing to an area of high incidence (Great Britain) and those migrating to an 
area of low incidence (Israel), studies suggest that those who migrate after 
adolescence cany with them the prevalence rate of their place of origin, 
whereas those mi^tmg m cMdhood ac^ 

host country (Dean et al 1977, Alter et al 1978, Dean 1980, Alter 1980); 

afcs are exposed to and acquire the disease Will v t£&re clinical onset and ' 
before age 12 to 15 years. The disease thek presents after a significant latent 
period. This uiterpretation is an integral part of the 'Viral hypothesis*' of 
multiple sclerosis. 

There are, however, other possible interpretations. For example, early 
exposure may provide immunity, as 

tia. Alternatively, some environmental fector, other than an infectious 
agent, may vary with latitude such as diet, exposure to sunlight, or socdocul- 
tural status. This area of multiple sclerosis research has recently been v ' : 
reviewed (Alter 1980, Dean 1980, Kurtzke 1980). 

; Genetic Studies -'.'.2'': ' \V- ■'"•V ; - 

the incidence of multiple sclerosui is 15-20 times higher in relatives of 
V^cats than jn^e genci^ population; the nicest incidence is in siblings : 
and the next highest m parents: The c^ 

than in fraternal twins. The concept of a genetic factor is strengthened by 
studies relating to leukocyte functions regulated by the sixth human ' 
chromosome. In the United States arid Western Europe, the frequency of 
HLA antigens A3 and B7 are increased, as are B cell antigens DRw2 and •-' 
DRw3. The strongest association is with DRw2, which occurs three to four 
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INTERPRETATION The data support, the hypothesis that there is a ge- 
netic component or a genetically determined susceptibility to some exoge- 
nous factor* operative in multiple sclerosis. • _ 

Pathology 

The characteristic pathology of multiple sclerosis is scattered plaques of 
demyelination of various ages. Histologically, these plaques show (a) spar- 
ing of nerve cell bodies and axons, except in older lesions where axons may 
be lost, (b) areas of myelin dissolution and the presence of macrophages 
containing myelin breakdown components around the periphery, (c) a loss 
; of oligodendria, partia^ , > 

anywhere in central white matter, but have a predilection for optic nerve, 
brainstem, spinal cord, and the periventricular areas around the lateral 
ventricles. The correlation between the distribution and number of plaques, 
and recorded clinical symptoms and signs is often quite poor. 

Because of the chronicity of the disease, analysis of older plaques does 
not reveal the cellular events associated with the development of acute 
lesions. Light and electron microscopic studies of acute plaques have in- 
dicated glial hyperplasia, often in a ring around the plaque. The cells 
participating in this hyperplasia are astrocytes, microglia, and perhaps 
oligodendroglia Inclusion-bearing cells may occur at the edge of acute 
plaques; these could be either altered oligodendroglia or a form of un- . 
differentiated neuroglial celL The nature of the- inclusion material is not 
known; it hajfjji^ 

'. othm toi^«fsto^e'o/ . ' 

plaques is the (degree of perivascular infiltration with mononuclear cells, 
often extending some distance away from the plaque. Associated with this 
infiltration there may be edema of the surrounding brain tissue (Adams 
1977, Prineas & Gonnell 1978), 

Biochemical studies of involved areas show the changes one might expect 
. in areas of glial proliferation and myelin breakdown, such as an increase in ; 
glial fibrillary astrocyte protein, an increase in lysosomal enzymes, and the 
presence of cholesterol esters around plaques There is, however, a dispro: : 
portionate loss of myelin basic protein and myelm-assbciatea glycoproteins 
compared to other components of myelin (Itoyama et al 1980). 
; An important but unresolved question is whether the nonnal^appearing: 
white matter is really normal. Both histological abnormahties (primarily a 
diffuse astrocytic proliferatim) and H (consisting . 
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A major discrepancy between Tthepathoiogy and clinical course of multi- 
ple sclerosis is the lack of evidence of a reparative process, specifically 
remyelination, as a basis for cltmcal renussions.^In mast plagues the major- 
ity or" axons remain demyelinateli, wth i^yeliriation limited to the periph- 
ery of lesions (Prineas & Connell 1979). 

INTERPRETATION The pathological analysis indicates a selective disease 
process with loss of myelin and oligodendroglia; proliferation of astrocytes/ 
microglia, and plasma cell?; and relative sparing of axons, There is no 
convincing evidence of viral inclusions. The early cellular events are not 
known. The ffce^ .tobeont 

d<rayelinari^ ' 



Cellular and Chemical Pathology 

STUDIES WITH isolated. OLIGOpENbROGLIA If demyelination is 
the primary pathological process, then it is logical to study the putative 
* targets: oligodendroglia and myelin. Oligodendroglia can be obtained as 
relatively pure population^ from a variety of species, including man 
(Poduslo & Norton 1972, Fewster & Blackstone 1975, Snyder et al 1980). 
These cells can be maintained in vitro and will synthesize lipids enriched 
in myelin, such as galactocerebrosides (Poduslo et al 197?, Szuchet et al 
1980). In multiple 'scfcrqra/ 
circum^ce^ 

addition, there is no methods \ 
the, ixriphume^^ that have t been - 

performed, have demonstrated no abnormities in oligodendroglia isolated 
from patients who have died with multiple sclerosis. 

An alternative approach has been to use oligodendrogua from scOTedmer 
species, such as the rat or cbw> or from human abortus material, as a target 
for possible serum factors in multiple sclerosis. These studies are performed 
on either oligodendrocytes obtained by bulk isolation or on cultured, dis- \ 
persed cells from cerebrum or corpus callosum. In the latter experimental 
situation, cell-specific antibodies, such as anti-galactocerebroside, are used 
to identify oligodendroglia (Raff et al 1978, 1979, Kennedy et al 1980, 
Schachner et al 1981). Abramsky et al (1977), reported that patients with 
multiple sclerosis had serum floors, presumably ahtib<*tiiei;, that bound to 
the surface of ohgbdendrojglia niaintaihed in suspension cultures. Subse- % 
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degree to Schwann" del!s J andiistroc^ (Kennedy & Lisak 1981). 

It Should be e mpha sized, however! that the methodologies for obtaining 
specific cell types from brain ancl Tor delineating cell-specific functions are 
undergoing rapid development and undoubtedly there will be efforts to 
apply these approaches to multiple sclerosis in the future. . 

STUDIES OF MYELIN there have been no consistent reports to indicate 
that myelin is abnormal in multiple sclerosis. Myelin is a relatively lipid- 
rich, protein-poor membrane, ■'These .^aracte^tics^pw it to be isolated 
by density gratfent ^ 

the morphology and biocheimstry of in^ 
Many 
d^termine^ 

fluid, or,' . _ v ( _ v w ^ m . vtwvx ^ MV4J VJ ^ 

J^ioimmunc^^ the insen- 

sitivity of analytical methods was a limiting factor for these studies. There 
is now evidence, however, that both myelin basic protein and myelin- 
associated glycoproteins are selectively decreased around plaques (Itoyama 
et al 1980). These latter observations have led to two lines of investigations: 
(a) the search in cerebrospinal fluid (CSF) and Mood for myelin breakdown 
products, particularly myelin basic protein and peptides from that protein 
and (b) the study of proteases that might selectively; attack myelin. 

Myelin task/rate^ 

CSF from persons with multiple . 
• bodies raised, against' iny (MBP) or its fragments (Cohen 

et al 1976; Wlutiker 1^ Graon k al 1978, Trotto et al 1978).- Studies 
; from i ourr laboratory; -mdin^4 jbsat :;irat^nal;^ ^prvsieri't^dufizig^ Aicutp": 
attacks and correlates with the duration of a (Cohen et al 1980). The 
nature of the material in £SF is not entirely clear. One grouphas reported > 
the presence of a molecule larger than basic protein (Carson et al 1980), 
while others have reported either the whole molecule (Cohen et al .1 980) or 
a specific peptide fragment containing amino acids 43-88 (Whitaker et al 
1980). In addition, it is possible to raise antibodies to purified basic protein 
that do not react with the material in CSF. Some of these discrepancies may . 
be clarified when different laboratories use standardized monoclonal anti- 
bodies raised by the hybridoma tedmiaue (Kohler & Milstein 1976). Most 
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attempts 1 
serum have 1 
of jaog^oisl^ 
basic protein^ 
demonstrate^ 
ofindtiplejxjfe^ 

et al 198 1) have demonstrated that during acute attacks of multiple sclero- 
sis, as in rats during the early stages of acute experimental allergic enceph- 
alitis (EAE), antibodies with a high affinity for MBP are found in sera; there 
is as well a corresponding decrease in free MBP fragments. This pattern of 
high affinity antibody with reduced levels of free MBP fragments is not seen 
in normals or in patients with quiescent disease. However, a full survey of 
patients with neurological diseases that are believed not to be of im- 
munologic origin has not been completed (P. Y. Paterson, personal commu- 
nication). I ^. ... v---;./^'; 7\;:; K . • ■ ' ' 
. Attempts jto cor^ 

the diseasei^tiyir^n^^ the pres| 

: ence of lipids enriche&in myelin, galactocerebroside; and sulfatide, and;bf 
a myelnvrelat^ ^'^phosphodiesterase 
(CNP), have not correlated with ai^ea^ or with levels of myelin 
basic protein. Attempts are being made to develop sensitive radioim- 
munoassay for mydin-associated glycoproteins and proteolipid proteins 
and to determine possible correlation of these compounds with clinical 



Proteases in multiple sclerosis The study of proteases in multiple sclerosis 
is based, at least in part, on the sequence of cellular events in experimental 
allergic encephalomyelitis: In that disease, reactive cells, lymphocytes, and 
macrophages surround the myelin sheath* followed by a vesicular myelol- 
ysis and a peeling off of myelm lamellae. A possible m^hianism is the release 
from the reactive cells of specific proteases which attack myelin proteins, 

• particularly myelin basic protem and myelin-associated glycoprotein. In 

: multiple sclerosis;.^ 

. seen; however; : 4om?* projdmity orreac&ve cells (macrophages arid mi- 
croglia) to areas of myelin loss is seen. A sequence of events has been 
suggested in which macrophages are attracted to specific areas and then 

. release neutral proteases which attack myelin basic protein (Bloom et al 
1978). Recently, Bloom et al (1978) presented evidence that antimacro- 
phage agents, such as silica, or proteinase inhibitors, such as/>-nitrophenyI- 
guanidinobenzoate, , pepstatin, or trans-4-aminomethylcyclohexane-l-car- 
boxylic acid, will protect Lewis rats from experimental allergic enceph- 
alomyelitis. These findings suggest that rnacrophages play a role in the 
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clinical and histological explosion of this experimental demyelinating dis- 
ease (Brosaan et al 1980). Others have suggested that acid proteases, which 
might be of lysosomal origin from macrophages, lymphocytes of astrocytes, 
also selectively affect myelin basic protein. In^GSF, Jboth acidic and neutral 
proteinases ^^^^ 
aids &1 




^Seyerasmies'M "! 



pro tern and possibly myelm-asaoaated glycoprotein are selectively affected 
in demyelination. 1 A possmle" consequence is'me rd of fragments of basic 
protein into CSF during acute attacks of multiple sclerosis. Regardless of 
the mechanism* the presence in cerebrospinal fluid of myelin basic protein- 
like material provides an indication of activity of disease. The role of pro- 
teases in the process of demyelination is not clear. 

Mechanism of Disease v . 

The cause of multiple sclerosis is not known. A number of unique features 
of the disease have been used to suggest both an immunological mechanism 
and an infectious etiology. ^Bptti^ 

experimental fflse^^ of multiple > : 

sderosis. ;In recent: ye^rs; isjis discu^ed be^ the J[ 



two mechanisms has bjecome somewhat blurred; 

IMMUNOLOGIC ABNORMALITIES IN 1 MULTIPLE SCLEROSIS An ml- ' 
munological basis for multiple sclerosis has been suggested by the demon- 
stration of a demyelinative disease* experimental allergic encephalomyelitis 
(EAE), produced by injecting animals with central nervous system antigens, 
particularly whole myelin, myelin basic protein, and galactocerebroside 
(Sell 1977). The acute form of EAE differs from multiple sclerosis in its 
pathology and its single-phase clinical course. Recently, a chronic, relapsing 
form of this disease has been produced which more closely resembles multi- 
pie sclerosis (Raine et al 1980). In trus form of the disease, myelin basic 
protein may not be the responsible antigen (Wisniewski & Lassinarin 1980). 

Patients with multifile^ ficliSmts Kavfe n' nnmKp^ immiinnln^r flhnnr- 

malities including^(a) mcrea^ synthesis; of immunb^obulms ^within the : . ' 
brain, (b) ihe : possible pre^ .1-' 
demyelination or blc^ nenr^ectnc bansrni&bn;' and ; '(c) -decreased levels- 4 • 
of lymphocyte subgroups^ particularly T suppressor cells (Bloom 1980). y v ; 

, Immunoglobulins in CSF IgO is elevated in 70% of patients with clini- 
cally denned multiple sclerosis (MS). Subfractionation of these immune- . 
globulins by electrophoresis or isoelectric focusing has indicated separate -,. 
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"oligoclonal bands" of immunoglobulin. Oligoclbnal bands are present in . 
the CSF in 80-90% of patients with MS, even those in which IgG may not : 
be elevated. Once present, the bands persist Recent observations suggest > . ... . 
that the pattern of oligoclonal.ta attacks of : 

the disease (E. J- ThompsonSp^^ # 
no specific patter^M 

sclerosis; each j^e^^ : 
1966,.Ijnk39^^^ 

brains of a 's^ 'X 
obtained from separate plaques, with only a few species of gamma globulin . 
in common (Mattson et al 1980). 

The source of the inrounc^tobu^ of patients with multiple .. 

sclerosis is presumably plasma c^^de^ clones within brain . 

parenchyma. As mentioned, the pattern of immunoglobulin extracted from 
individual plaques varies, suggesting that the patterns in cerebrospinal fluid 
is a composite from different brain regions. It is not at all clear to what . : ;* 
antigens these centrally derived immunogfobulins are directed. Patients 
/.•with multiple sclerosis have elevated titers to a number, of viruses, particu- / 
larly measles. However, an mdividu titers to 

as many as four GSF j 

immunoglobulins ;witib;, viral -.antigens, does i^^i^^y^\^^tw;-ilE^\ -• 
clonal bands (Nprbyi 197^ as . ; .'• .. 

mylein timjmtm& levels* and are hot a signifi-;; 

cant proportion of the total CSF immunoglobulin fraction (Shorr et al ^ 

1981). * . ■ : • ; 

■ An alternative approach to relating the gamma globulin abnormalities in . 
cereberospinal fluid to the mecharusm? of disease ; has been the characteriza- . 
tion of CSF immunoglobulins by making anti-idiotypic antibodies (Ebers et , ; . 
al 1979, Naglekerken et al 1980). These anuT>odies, raised against the CSF 
IgG, would presumably bind to the combining site of CSF IgG; Possible . 
antigens might then be used to displace the anti-idiotypic antibody. In such 
a study, anti-idiotypic antibodies have been raised against both CSF and 
serum IgG from patients wi A- multiple scleral , . 

up to 20% r bfth^ 

this particular study, assays of these anti-idiotypic antibodies -against .CSF 
: inmiunoglobuliris'of b&er paUente wi&;m in-; Y. . 

12 of 13 patients, but id cross-reacrWith one other npatfent (Baird et al 
1980, Tachc^aky & Baird 1980). 

"INTERPRETATION The antigenic determinants for the locally synthe-. ... 
sized immunoglobulin in multiple sclerosis have not been defined; In other 
words, no "multiple sclerosis antigen" has been demonstrated It is possible v 
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that much of the immunoglobulin is the result of nonspecific activation of 
sequestered B cell clones; however, the analyst of immunoglobulin from 
isolated plaques and the binding of anti-idiotypic antibodies suggest that 
some IgG may be more specific. There remain the problems of identification 
of specific antibodies, determination of the associated antigens, and, finally, 
the demonstration of similar, if not identical, specificity in other patients 
with multiple sclerosis. The ^ will 
indicate the antigenic nature ^ possible in 

chronic vii& 

sclerosing panencephalitis; in which similar immunologic responses occur: ' 

CIRCULATING FACTORS THAT AFFECT MYELIN One approach to 
demonstrating a cell-specific abnormality in multiple sclerosis has been the 
search for circulating factors that affect ravelin metabolism or alter oligo- ; 
dendroglial function. A number of laboratories have reported that 60-73% 
of MS patients have serum factors that will demyelinate myelinating ex- 
plants (Bernstein 1963, $eil 1977). In some patient?, there appears to be a 
correlation of the presence of serum demyelinative factors an* disease 
activity. In contrast to EAE, the chemical nature of the demyelinating 
factors in MS sera has been difficult to define: The factor is sensitive to a 
number of manipulations such ' as freezing and thawing, heating,; exposure 
to dialysis tubing prja^^ a portion of 

the dem yelinati ng fac^r consists of IgOi^ On this basis/ it' has been assunied 
that the factor in MS sera is also IgG. However, adsorption of the sera with 
staphylococcus protein A, which removes IgG t , IgG 2 , and IgG* does not 
significantly decrease the demyelinating factor. Similarly, removal of IgA 
or IgM has no effect on demyelinating activity. Among immunoglobulins 
it is possible that the factor is IgG 3 (which is 5-7% of the total IgG fraction) 
or some other minor immunoglobulin such as IgD or IgR On the other 
hand, it is possible that the demyelinating factor may not be an immuno- 
globulin at all (Grundke-Iqbal & Bornstein 1979). 

•* ••'*.' 
INTERPRETATION One problem in interpretation of the significance of 
demyelinating factors in MS serum is the question of specificity to multiple 
sclerosis. Tra'percerit or more of the sera c^tamed from controls con tain 
demyelinative factors. In amyotrophic lateral sclerosis, a disease in which 
the "target tissue w is the^ 

tive factors. Thus, at the present time, it is difficult to assign a pathogenic 
role to an antimyelin or demyelinating factor in MS sera. • 

NEUR.QELECTRIC BLOCKING factors ' Despite the observed pathol- 
ogy and the resulting historical emphasis on demyelination in multiple 
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.sclerosis; there is evidence to suggest an alternative pathophysiological 
mechanism. The rapidity of app^ce and^sappmanceofsome cuiucal 
i and symptom! to multiple s^erosis -)SStW*mimt*^ 
Sd^deremyeltoauonoccn« ! 
• roe chan^Thus,thcexBtmceof^ • 
nemconductionhasbeen proposed. The earhest iiidication that sera from ■/ 
oatients with MS and from annuals with EAE had neurodectric blocking 
factors as well as a mydtootoiic factor ^uUe4,;fi»i»^. stedies^of Born- 
stem & (1965): As wi^ 

neurodectric factors soon came into question. Recent reports suggest, how- 
ever, that one or morelactors capable of blocking neuroelcctnc actmty m 
tovertebrate spmal cords ^ 

and may be within the igX3 
further work remains to be done to this area-in particular, serial studies 
in individual patient* and further chaiacterto^tm. of these factors. 

cellular RESPONSES the cellular responses to peripheral blood or 
CSF of patients with MS have been analyzed to relation to (a) reaction to 
exogenous agents such as brain components or viruses, (») cytotoxic or 
demydinative dlec»«iimo* : tissue > /«h»(c) chants toendogenousoell- 
populations. . / '.. ' .v'-v '.V 

Response to exogen^^:i^^^~''il^T^'^'^ t ^^' m tlus arei have been 
connecting, ^difficulties to assaying cellular responses, presentation of 
, exogenous sttoiuh ; (?'ahtig^ 

patients'wito mmtiplesdd^ other conditions, inducing 

normal controls. A major focus has been on responses of lymphocytes to 
possible brain antigens, such as basic protein, or to viral antigens, particu- 
larly those from the measles virusTTd this reviewer, the results have been 
incondusive In terms of either indicating a response specific to multiple 
sclerosis or providing information about the mechanism of disease. At- 
" " tempts have been made with peripliefal blood lymphocytes or lymphocytes-, 
from CSF to demonstrate cytotoxic effects on tissue explants; these technic 
cally difficult studies have not been conclusive. This area of multiple sdero- 
sis research has recently been reviewed (Antel et el 1978). 
Two recent approaches to the cellular immunology of multiple sderosis 
•'. appear more promising: 

1. The observation that t sUppiressor cdls are decreased to both 
blood and CSF coinddentally with exacerbation of MS. 

2. Fusion studies with lymphocytes. 
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specific monoclonal 



*odomd£antib<>dies^ helper cells, and 



suppressor cells indicated that most patients had a marked reduction of 
suppressor cells during an acute attack, with return of this population of 
T cells during remission, ^pressor cells were not affected in other inflam- 
matory demyelinative diseases such as disseminated encephalomyelitis or 
the Landry-Guillain^Barre syndrome. In contrast, a similar decrease in 
suppressor cells has been demonstrated in other possible autoimmune dis- 
eases, such as systemic lupus crythematosis, hemolytic anemia, atopic ec^ 
zema, and inflammatory bowel disease. The precise mechanism of the 
decrease in suppressor cells is not known, but it may be related to the release 
cfautc^tibc<^ th^uppressor cWpopulanoiiv : 

The role mduc*^ 
responds bw recently 
. 2v; ; ^e second 

brospinal fluid, with myeiomtf ^IMes r to% 

bndomas (Sandberg-Wollheim et al 1980). The availability of myeloma cell 
lines from human may eliminate the interspecies problems that limited 
earlier attempts with this apprdach (Grace et al 1980). With this approach 
it might be possible to determine whether CSF lymphocytes from MS 
patients generate specific antibodies, particularly during acute exacerba- 
tion q 



INTERPRETATION Many of the reported changes in peripheral leuko- 
cyte have been difficult to reproduce, However.the decrease in suppressor 
T cells during acute attacks and a return to normal with remission' has been 
reported from ajnumbw oj^ 

mecbanismrof disease .is«unclear: Pw^tiaWmclude. cdiriinon antigens 

■:-r^ : ^ fai !^ e ^^^^1f»P^^^ Krofeibr^sop^wsoVeells. 
in Imiitmg an autoinim^ and a 

nonspecific response similar to the production of most of the oligoclonal 
immunoglobulin. •' 

An Infectious Etiology to Multiple Sclerosis 
The hypothesis of an infectious agent in MS is not new. just difficult to 
prove. As attempts to demonstrate or culture more conventional agents 
such as bacteria, spirochetes, or fungi have failed, proponents of this hy- 
pothesis have turned to unconventional agents, or conventional agents act- 
ing in unconventional ways. This translates in today's terms as the "viral 
hypothesis of multiple sclerosis." This hypothesis is based oh (a) the popu- 
lation migration data previewed above), (o) the immunological responses in 




OCT-05-2006 11=44 



90* 



P. 123 



05/10 2006 JBU 17: 37 PAX 



— Buchanan Ingersoll 



230 McKHANN 



i?:L' ; - it: a>»'^ IVu Irtiniun j*«rr»'nir', *»!*T1#"TV 



Hie itS^^S^ 
been rcproducibly seen, cultured, rescued, or biochemically identified from 
brain or other tissue from patients with multiple sclerosis. Even the research 
strategies used successfully td analyze the viral or transmissible nature of 
slow viruses, or latent viral infections in the human, such as subacute 
sclerosing panencephalitis, progressive multifocal leukoencephalopatby, 
Jakob-Kreutzfeld disease, or Herpes Simplex infection, have been negative. 
For example, intracerebral injection of MS brain into primates (Sibley et al 
1980), as was used in, k^fan^^ 
Gibbs 1975), cocultivat^ 

multifocid le^ of bio- 

chemicalrjrob^ l?,80),a«bas 
been dp^rn.^^ \ 
1980) naW : i&!^^ <^ c3£iv r^M^^^C^s: ;,l \ 

Analysis of vir^ m^on m several possible mecha- 

nisms by which viruses might induce a demyelinative disease (Brooks et al 
1979, Fields & Weiner 1981). Direct cytotoxic effect on oligodendroglia 
occurs with the JHM strain of mouse hepatitis virus and with the JC 
papavovirus in progressive multifocal leukoencephalopathy. Viral infection 
might not necessarily be acutely cytotoxic but rather, in a chronic process, 
might interfere with cellular functions required for maintenance of myelin., 
In the human disease, this possibility may be difficult to prove if the latent 
infection is limited to oligodendroglia aromid plaques. However, if the viral 
process is more generalized; despite' .the focal pathplo^ tech- 
niques for obtainmg olig^ 
biochemical propyl 

tissue, such ^ lymphocytes, nn genome. 

An alternative ' to direct effect? on; c^m%>^c a Virus is ' the 

possibility t&tf viral mfe^rlbri'mduces mimundlogic responses in the host 
that are damaging to the nervous system. In lymphocytic choriomenmgjtis 
infection of mice, the CNS involvement can be prevented by prior im- 
munosuppression of the animals. In addition, the disease can be transferred 
by immune T cells but not by immune sera (Nathanson et al 1975). In 
murine encephalomyelitis (Thaler's Virus) there is a two-stage disease, an 
acute encephalitic involvement of gray matter, and a chronic, delayed in- 
volvement of white matter; Immunosuppression enhances.the acute phase 
and abolishes the chronic phase (Upton & Dalcanto 1976). These observa- 
tions suggest two possible mechanisms: (a) viral infection alters, neural cell 
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membranes to produce an autoimmune type of disease andyfor (b) there are 
similar recentors fnr the. vimc XniKntkr^ um^aa', 




T&pbrted in virally 

induced demyelinative diseases. However, in visna, a virally-induced 
demyelinative disease in sheep, the Rtf A virus persists as a DNA provirus 
intermediate. The infected animals initially develop a cellular and humoral 
response to the agent However, in chronically infected animals, virulent 
viruses can be recovered by co-cultivation that are not neutralized by the 
antibodies formed against the initial infectious agent (Naray an et al 1978). 
This antigenic shift caused by spontaneous mutations of the virus within the 
host can lead to serial exacerbations of. disease with the cumulative effect 
* appearing as progressive nourolb# It is conceiv- 

able that a similar mechanism might result in aii l exacerbating and remitting : • 
; • fo™ ordisew&t-^v^ v ; ' >\ v ■ 

IOTERFRETA^ON ^ 

a role for viruses" or some ouSei'form'of agent in either the 

; onset or recurrent attacks of multiple sclerosis. However, the methods for 
detecting latent viral infection such as the use of nucleic acid hybridization, 
monoclonal antibodies, or the use of anti-idiotypic antibodies to determine 
: antigenic determinants on centrally derived immunoglobulin have only 
recently been applied to multiple sclerosis. Those who subscribe to the viral 
hypothesis of multiple sclerosis hope these advances will provide positive 
evidence to substantiate the role of an infectious agent. 

Diagnosis of Multiple Sclerosis V? 1 *' ;/\y \ V";. : 

The diagnosis of MS rests pr^arily>bri ^the mter^tatibn'of the clinicai ."' ; 
signs and symptoms,' wtft^em^ 
spread §^grapJucaiiy in the nervous syst^ 
; of exacerbation and «^ : 

Th« symptoms reflect the involvement of white matter. Thus, disruption: 
of tracts presenting as unilateral visual loss (optic nerve), hemiparesis (cor- 
ticospinal tracts), ataxia (cerebellar outflow systems), internuclear ophthal- 
moplegia (medial longitudinal fasciculus) are common. In contrast, 
symptoms relative to neuronal involvement such as seizures, focal deficits 
in high cortical function, and dementia are uncommon, particularly early 
in the course of the disease. 
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The clinical course of the disease is highly variable. Some patients have 
a fulminant, monotropic oMseas* wit* in^orable pro^ssion. More com- 
mon is the pattern ofexac^tions^ by a decrease 

in e^erbati^ ? ora * : 

patieutsm^^^ 

Wonders if, multiple M^^^^^i- 41 ^ 0 :^'' J 'V V' ?' t. ^ ' 

Contwir tdthe iina^m^ the disease 

xarries a reasonable prognosis in most patients. Data from follow-up of 
patients seen at the Mayo Clinic (Percy et al 1971) and in follow-up of US 
Army personnel (Kurtzke 1970) indicate that 75 % of patients axe alive 25 
years after the onset of the disease. Of these survivors, 55% are without 
significant disability. Even these figures nwy be falsdy skewed toww 
severely involved patients because of the diagnosis requiring ngid clinical 
Criteria. Thus, early cases wd^milder .cases may be exclude* The true 
clinical spectrum and prognosis of MS will not be known until a reliable 
laboratory diagnostic test fbr m^^ . 

LABORATORY A^ m ^ 

r ble 1. THe 
invol^ 

soiy systems are useful^d^ , 
lesion which may be subclinical in its presentation. Evoked responses have 
also been useful for studying the physiology of recovery from an acute 
attack, particularly in the visual system (McDonald & Halliday 1977). 

INTERPRETATION A laboratory test that is unequivocally diagnostic for 
multiple sclerosis does not exist. Thus, it is virtually impossible to make the 
diagnosis early in the course of the disease for many patients; hence the use 
of such tenns as "possible md^ 

sis" (this problem in ^ diagnostic cla^ in Brown et 

al 1979). <Such a diagnostic test is ba<^ for individual 

patients^but a^ -v;i i;« 

• -.?>. ' •■• • ^v^- ■ ' '■ 

MechanismtbfRep^ . ;.j->; -V'Vv 

A striknig featu^ of multiple A * ***** rf 

the disease, is the degree of recovery patients can achieve during remissions. 
This recovery take s place under circumstances where abnormal physiologi- 
cal responses, such as altered visual evoked potentials, may persist (McDon- 
ald & Halliday 1977). Remyelination of plaques is rarely seen, and then only.: 
around the edges (Prineas & Connell 1979). Thus, explanations of recovery 
have centered not on remyelinatioh but on restoration of conduc- 
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Table I Abnormalities in clinically dehnitS multiple Xerosis 



Test 



Remarks 



Visual evoked responses 
Auditory evoked responses 
Somatosensory evoked responses 

Cerebrospinal fluid: . 
IgG concentration 4 



Indication of topical disease. 



IgG Index", 



Oligodonal imrnunoglobulin 
pattern 

Myelin basic protein 



^Heyate^ ina 
No TOrrclalioniwith f di seise activity **£jm . 
■Elevated in appropriately TO-^Oft of pa-' ' 
rienta. Possible correlation with disease ao- ' 
tivity. 

Resent in 80-90% of patients. No definite . , 
correlation with disease activity. Onset of ab- 
normality iii early disease not known. 
Present 'during exacerbation. Decrease may \ 
correlate, with clinical improve ment. 



•CSF IgG index: CSF-IgG/CSF-AlbumJn/(Serum;gG/Serum albumin. 

tion in demyelinated nerve(Boatock & McDonald 1981). The model for this 
process has been the recovery of conduction in the peripheral nervous 
system following demyelmationwith toxin or lysolecjthin. 

In these models, Recovery pf COTdii^oi m 
iVih part, relatidVtp the?s^^ 

their normal, ate at internodes (Ritchie & Rbgart 1977, Foster et al 1980, 
Bostock & McDonald 1981). This type of conduction is slower than normal 
saltatory conduction (Sears et al 1978)— a finding compatible with the 
observation in multiple sclerosis of restoration of function despite persis- 
tently alowed central conduction (Halliday & McDonald 1977). 

interpretation It is hot clear why remyealination does not occur in 
multiple sclerosis. Possibilities include the following; 

1. Adult oli^odendrpglia do not have the capacity to divide and migrate 

, , £?° * c ***** of ny^ 11 dissolution and loss of oligodendxoglia, . 

1 There is, in the adult nervous system, no pool of immature oligoden- 
- drogha capable of minting to the site of injury ani te 

reparative, remyelinating cells., , .' «• - : V 

3. Some faaors,.such as astrocytic proc^ 

pcrsistance of proteases, interfere with the normal recognition of an 
unmyelinated axon by a myelogenic oligodendioglia. 

These possibilities are being explored in animal models of demyelination 
using cell-specific markers. 
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Therapy 

Here is no specific therapy for MS. Attempts have been directed at altering 
immunological responses by immunosuppression, introduction of antigens, 
and dietary alteration. The unpredictability of the disease, the changing 
clinical course from one of exacerbations and remissions to one of progres- 
sion, and the lade of proven laboratory tests to. demonstrate clinical activity 
make therapeutic trials extremely difficult to design and carry out. Guide- 
lines for sucheJinfcal^^ et al 1973).. 

Immunosuppression with high doses of steroids or ACTH results in a 
shortening of the duration of acute attacks (Rose et al 1970). There is no 
evidence that this form of therapy prevents attacks or altera the progressive 
form of the disease. The ^^bA^.fonns^ of immunosuppression such as 
azathioprine or cyciophospfiarni^may reduce the relapse rate, but appar- 
ently does not benefit the chronic-progressive forms. Several controlled 
clinical trials with these agents as well as with antUymphocyte sera are in 
progress (Bauer 1980). • ... • f • 

The use of myelin basic proteins or related copolymers in therapy of 
multiple sclerosis is based on the observation that these agents can alter the 
course of the. experimental disease, EAE; Preliminary trials with myelin 
basic protein have not been reported to alter the course of the disease. 
Dietary therapy has been based on a possible role of unsaturated fatty acids 
in the disease; .Repo^bf the u^ 

(Bauer 1980): , ^ . *: ; 

Future Directions -y*>- ' '■■■■.■>v-' ■ - -\, ■ 
It is extremely hazardous ^ disease 'with' un- 

known etiology, unknown mechanisms, and unknown therapy. Neverthe- 
less, advances in recent years do suggest some promising leads. 

ETIOLOGY The emphasis continues to be on the demonstration of a 
transmissible agent. Future work in this area may be directed at the demons 
stration of altered cellular responses induced by a virus. The possible use 
of peripheral blood leukocytes or lymphocytes in CSF may aid in these 
investigations, because brain tissue from patients in the acute phases of the 
disease is rarely available. Thus, studies dependent on demonstration or 
isolation of an agent from brain are limited by availability of tissue from 
both patients with multiple sclerosis and appropriate controls. 

MECHANISM . The immunologic abnormalities in MS have not provided • 
an understanding of the basic mechanism of the disease. However, as men- 
tioned above, the use of anti-idiotypic antibodies as well as more highly 
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specific raonoctoi^; ^ . 
Such information may be useful riot only in understanding the mechanisms 
of disease, but also in providing a definitive diagnostic test 

ti •.■"*?• ' 

THERAPY there are numerous examples in neurology where therapy has ... . 
been successfully introduced without a clear understanding of the underly- 
ing disease process. Such is the case in epilepsy, Parkinson's Disease and 
manic-depressive illness. A number of new approaches to therapy have been 
suggested or are under investigation. 

Anti-vim! agents Despite the absence of evidence implicating a specific 
virus, attempts at therapy with potential anti-viral agents have been at- 
tempted. The most recent trial in this area involves the use of ; mterferon in . . ■ 
ft controlled clinical triaL.;-; ' : r";>:' >V *• .;vK- • '^V ^v. 

Removal of circulating factors Based on the successful use of plasmaphere- 
sis in myasthenia gravis (Dau et al 1977) and chronic relapsing polyneuritis 
(Server et al 1979)* the removal of circulating factors is being evaluated in 
a controlled trial of therapy during acute attacks of MS. 

Modification of properties of demyelinated nerve Assuming that remyeli- 
nation is not the primary mechanism of recovery in MS, attempts to use 
agents which might prolong the action potential are being considered. . 
Clinical trials are underway with 4-aminopyridine, a drug which blocks 
• mammalian potassium channels and aids conduction in experimental 
demyelination i (Sheriratt et al 1980, Bostock & McDonald 1981). 

Alteration of protease actions. Ait^ptS;to^ effects " 

of such proteas es are being considered on the ass umption that macrophage- 
derived neutral proteases selectively attack myelin basic protein. 

Immunopharmacologic therapy The current approaches using high doses 
of steroids, ACTH, or other irnmunosuppressive dr^ have not yielded any 
striking improvements in the clinical course of the disease, particularly in 
the chronic progressive form Similarly, trials with transfer factor have been 
inconclusive. Agents that might augment suppressor cell function? are un- 
der study. 

Speculative Overview 

Multiple sclerosis continues to be a baffling disease, although new observa- 
\tions continue to be made. Most of those in recent years have been in the 
immunologic area. What is lacking, however,^ .. , 
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attractive hyfwth^s'jCq^ of transmissible agent, 

acquired early in life by susceptible individuals, alters the host's immune 
system^ In the central nervous system this results in the activation of B cell 
clones and in the alteration of cellular membranes of oligodendroglia and 
vascular endothelium. The repeated attacks may be related to a nonspecific 
immunologic challenge or to antigenic shifts of the latent transmissible' 
agent. So much for theory. How to prove this or other possible hypotheses, 
and how to translate that proof into an alteration of the disease remains the 
challenge. 
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Autoimmune Disease and the Nervous System 
Biochemical, Molecular, and Clinical Update 

Moderator 
JEAN E. MERRILL, PhD 

Discussants 

MICHAEL C. GRAVES, MD. and DONALD G. MULDER, MD, Los Angeles. California 

This is an edited summary of an Interdepartmental Conference arranged by the Department of Medicine of the UCLA School of 
Medicine, Los Angeles. The Director of Conferences is Anthony T Campagnoni, PhD, Professor of Medicine. 

Autoimmunity in the central and peripheral nervous system can manifest as the result of cellular or humoral immune 
responses to autoantigens. There is evidence that multiple sclerosis is a cell-mediated autoimmune disease of the central 
nervous system in which both myelin and the cell that produces the myelin are destroyed. Diseases such as acute 
inflammatory demyelinating polyneuropathy (also called Guillain-Barre syndrome) and myasthenia gravis are considered 
antibody-mediated diseases of the peripheral nervous system and neuromuscular junctions, respectively. We review these 
diseases and explore mechanisms of immune-mediated destruction of these nervous system components. We specifically 
focus on one effective therapy aimed at countering the immune attack, that of thymectomy in patients with myasthenia 
gravis. 

(Merrill JE, Graves MC, Mulder DG: Autoimmune disease and the nervous system-Biochemical, molecular, and clinical update. West J Med 1992 
Jun; 156:639-646) 



Jean E. Merrill, phd*: Multiple sclerosis is a demyelinat- 
ing disease of the white matter of the central nervous system 
(CNS) in which myelin and the myelin-producing macroglia 
cell, the oligodendrocyte, are destroyed. Axons are usually 
spared. In response to the damage, macroglia! astrocytes in 
the central nervous system undergo proliferation and hyper- 
trophy, which is called astrogliosis. 1 Multiple sclerosis is 
thought to be an autoimmune disease for reasons that will be 
discussed, t Both blood-borne inflammatory cells and en- 
dogenous glial cells (astrocytes as well as brain macrophages 
called microglia) have been implicated in the disease pro- 
cess. 34 Several abnormalities have been documented in sub- 
sets and functions of lymphocyte subpopulations 2,5 * 7 and will 
not be discussed here. Multiple sclerosis is diagnosed by 
neurologic examination, laboratory studies of immunoglob- 
ulins in cerebrospinal fluid (CSF), and, more recently, non- 
invasive magnetic resonance imaging. 2 4 

The Trimolecular Complex 

The three components of the trimolecular complex that 
seem to be most critical for autoimmune disease, or reactiv- 
ity to self-antigens, are the major histocompatibility com- 
plex, class II molecules (MHC or HLA-DR) expressed on 
various antigen-presenting cells, the antigenic peptide, and 
the T-cell receptor on CD4+ T-cell subsets. 810 In the animal 
model for multiple sclerosis, experimental allergic encepha- 
lomyelitis (EAE), specific encephalitogenic peptides from 

•Professor. Department of Neurology. UCLA School of Medicine. 
tSee also "Autoimmune Disease and the Nervous System." by L. Steinman. MD. 
pages 664-666 of this issue. 



the myelin constituent myelin basic protein, when presented 
on restricted MHC-II molecules in susceptible murine 
strains, induce highly restricted T-cell receptor variable re- 
gion genes on CD4* cells. 1114 In multiple sclerosis, we have 
less information regarding these three molecules. The MHC- 
II molecules DR2 and DRw2 are overrepresented in patients 
with multiple sclerosis. 2,15 The MHC-II molecules in 
multiple sclerosis are expressed on endothelial cells of the 
blood-brain barrier, on microglia and astrocytes, and on in- 
flammatory macrophages. 1619 Any of these cells could be- 
have as antigen-presenting cells to present self-antigen to 
CD4+ T cells. 

The antigen that induces or perpetuates, or both, the 
chronicity of the disease is unknown. Epidemiologic and 
demographic studies suggest an exogenous infectious agent, 
such as a virus, as a candidate immunogen. Tolerance to self 
would then be broken either by viral alteration of a normal 
self-antigen through infection of a brain cell or through a 
cross reactivity called molecular mimicry in which the viral 
antigen resembles a normal brain antigen. 20 In addition, an 
imbalance in the immune system T-cell subsets in patients 
with multiple sclerosis is thought to play a part in inducing 
disease. A functional or numerical increase in CD4* helper- 
inducer T cells (cells that mediate delayed-type hypersensi- 
tivity) and a decrease in CD8* suppressor-cytotoxic T cells 
have been shown to occur in patients with multiple sclerosis. 
CD4 4 cells exposed to the correct autoreactive or cross- 
reactive antigen, presented by restricted MHC-II molecules, 
would then give rise to autoimmunity. 2 ' 13 - 15 
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ABBREVIATIONS USED IN TEXT 

AChR = acetylcholine receptor 

CMV = cytomegalovirus 

CNS = central nervous system 

CSF = cerebrospinal fluid 

EAE = experimental allergic encephalomyelitis 

IFN-7 = interferon gamma 

IL = interleukin 

MHC = major histocompatibility complex 
TGF = transforming growth factor 
TNF = tumor necrosis factor 



T Lymphocytes and Interleukin 2 

Activated T cells from peripheral blood, whether they are 
specific to brain antigens or not, can and do cross into the 
CNS through an intact blood-brain barrier. 21 The mecha- 
nisms by which this occurs are not known. If these activated 
T cells recognize antigens in the brain, they can cause dam- 
age in the CNS. Measurement and detection using various 
techniques have shown that the CD4* T cells predominate 
over the CD8 + T cells in the lesion, spinal fluid, and blood of 
patients with multiple sclerosis. 17 "- 27 The CD4+ cells are 
activated in that they express MHC-II, a T-cell differentia- 
tion marker (TA-1), and interleukin (IL)-2 receptors (TAC) 
and produce cytokines. ,7 - 24 M Some of these cells respond to 
brain antigens. 22 - 26 - 28 In addition, although there may be 
some restriction in gene usage in the T-cell receptor in multi- 
ple sclerosis, 23,29 30 it is not as limited in heterogeneity as is 
found in the EAE model. 7 ' 9 

Elevated levels of IL-2 and IL-2R have been detected in 
CSF and serum of patients with multiple sclerosis, 3108 as 
well as in tissue. 17 Serum levels of IL-2 correlate inversely 
with disability and directly with a poor prognosis. 34 In pa- 
tients with chronic disease, the magnitude of the initial IL-2 
levels varies inversely with the duration of disease and pre- 
dicts subsequent worsening. 37 An association of T cells 
capable of producing and responding to IL-2 and disease 
duration, worsening, or both, implies that interleukin 2 is 
expanding encephalitogenic clones in the periphery and lo- 
cally in the CNS. Thus, although this is not unique to patients 
with multiple sclerosis in that other autoimmune and inflam- 
matory diseases show similar findings, it is indicative of an 
activated response of the immune system that may correlate 
with the fluctuations in symptoms. 

Interferon Gamma and Major Histocompatibility 
Complex Class II Molecules 

Interferon gamma (IFN-y) can induce or increase the 
expression of MHC-II molecules on T cells, macrophages, 
microglia, and astrocytes either directly or indirectly through 
the induction of tumor necrosis factor (TNF) a. 39 ' 43 Inter- 
feron gamma and MHC-II, although not expressed in normal 
brain, are expressed in multiple sclerosis plaques, and the 
staining for these is associated with macrophages and astro- 
cytes in lesions. 1 7 IS - 44 In recent studies, T cells of patients 
with multiple sclerosis stimulated in vitro were shown to 
produce increased amounts of IFN-y compared with T cells 
of control subjects. 45 " 47 Interferon gamma is also detectable 
in the CSF of patients with multiple sclerosis. Activation of 
the immune system in patients with multiple sclerosis by 
clinical treatment with IFN-7 leads to exacerbations and an 
increase in circulating MHC-II-positive macrophages. 4 * 49 



Macrophages and Cytokines 

Prostaglandin E, interleukin I, and tumor necrosis fac- 
tor-a. Macrophages in blood, CSF, and brain of patients with 
multiple sclerosis are activated. They have been shown to 
actively cap immunoglobulin on myelinated nerve fibers at 
plaque margins 50 and to produce prostaglandin E and IL-1 at 
the blood-brain barrier and in the lesion. 17 Prostaglandin E 
levels are elevated in the CSF of patients with multiple sclero- 
sis and in vitro in cultures of stimulated blood macro- 
phages. 51,52 In multiple sclerosis, macrophages show 
increased oxygen burst in vitro and the CSF contains auto- 
oxidative products of degraded membrane phospholipids, 
both of which are consistent with lipid peroxidation and my- 
elin destruction. 53 - 55 Interleukin 1 and TNFa coinduce each 
other and stimulate the production of prostaglandin E, 56 59 
which regulates temperature and fever. 56 * 58 Because patients 
with multiple sclerosis show a worsening in neurologic status 
during febrile episodes, 60 IL-1 , TNFa, and prostaglandin E 
may contribute to the disease process through fever induc- 
tion. In vitro studies in multiple sclerosis have confirmed that 
production by macrophages of IL-1 6163 and TNFa 46 is ele- 
vated. Both macrophages and glial cells are associated with 
these cytokines in situ in the lesions. 64 

Examination of serum and CSF specimens for such cyto- 
kines as IL-1 , IL-6, and TNF has led to less clear findings of 
undetectable, elevated, or normal levels of cytokines com- 



TABLE 1. -Putative Roles for Cytokines 
in Demyelinating Disease 



Cytokine 



tossiblc function in Multiple Sclerosis 



Interleukin Astrogliosis 
OU-1 +TNFor Microgliosis 

Oligodendrocyte cell death 
Induction of fever and decreased electric conduc- 
tivity along demyelinated fiber 

Interferon Increased MHC-II on macrophages, T cells, microg- 

gamma lia, and astrocytes 

Increased cytotoxicity by macrophages and 
microglia 

Increased permeability of blood-brain barrier 

Transforming Decreased function of IL-1 and TNFa 
growth factor 0 Inhibition of function of activated macrophages 
Inhibition of T-cell response to IL-2 

TNFa • tumor necrosis factor-a 



pared with levels in fluids from control subjects. 63,65 68 Some 
of the confounding problems in measuring cytokines in bio- 
logic fluids from patients and correlating the results with 
their disease are the short half-life of these proteins, the 
concomitant production and presence of inhibitors, and the 
possible induction in vivo by bacterial infections unrelated to 
the disease process of interest. 

Role of interleukin I and tumor necrosis factor-a in lesion 
formation. Astrocytes produce IL-1 and TNF and respond to 
these cytokines by proliferation and differentiation. 69 75 It is 
not clear whether the response is direct or indirect through 
the induction of other factors or cytokines by IL-1 and 
TNFa. 74 " Nevertheless, the effects of these cytokines, di- 
rect or indirect, could lead to astrogliosis and plaque forma- 
tion in multiple sclerosis. The damage to myelin and the 
oligodendrocyte has long been thought to be the result of 
activated inflammatory blood macrophages and endogenous 
microglia. 1 15 19 76 77 Both TNFa 78 * 79 and IL-1 75 have been 
implicated. It is not certain, however, whether microglia- or 
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macrophage-bound membrane cytokines or their soluble 
counterparts— as in the case of TNFa— are responsible for 
the death of oligodendrocytes. 76 Of interest, transforming 
growth factor (TGF) /?, a cytokine that inhibits the biologic 
function of IL-1 and TNFa, 80 also inhibits microglial cyto- 
toxicity of oligodendrocytes. 76 The use of TGF0 effectively 
treats and prevents EAE in vivo in animals. 81 The putative 
roles for cytokines in demyelinating disease are shown in 
Table 1. 

Therapy for Multiple Sclerosis 

Immunointervention in multiple sclerosis has been gener- 
ally targeted at various elements of the immune response and 
particularly at components of the trimolecular structure. 
Earlier therapeutic protocols using immunosuppressive 
drugs resulted in modest improvement but proved to be some- 
what disappointing because of their nonspecificity, ineffi- 
ciency, or toxicity. 82 " 85 Although active vaccination to the 
T-cell receptor on autoreactive T cells in the EAE model has 
proved efficient at preventing disease, 86 such preliminary 
studies have just begun in multiple sclerosis and may prove 
difficult. 87 The passive administration of antibody to block 
the T-cell receptor MHC-II molecules and ancillary T-cell 
molecules like CD4 and CD3 or cytokine receptors has been 
contemplated 88 and actually carried out in some patients. 89 

The use of natural antagonists to cytokines has proved to 
be a promising approach. The use of TGF/3 might inhibit 
IL-1 and TNFa production in patients with multiple sclero- 
us 76.bo.8i interferons alfa and beta, natural antagonists of the 
immunologically mediated actions of IFN-7, have ameliorat- 
ing effects in vivo in multiple sclerosis. 90 " 92 The mechanisms 
of this beneficial effect are thought to be the following: the 
inhibition of IFN-7-induced MHC-II by IFN-0, 93 which 
would inhibit antigen presentations by antigen-presenting 
cells; a reversal of nonspecific suppression in multiple 
sclerosis 94 ; and the inhibition of IFN-7 secretion by T cells in 
multiple sclerosis. 93 

Antibody-Mediated Neurologic Diseases 

Michael C. Graves, md*: The motor unit is the final com- 
mon pathway for the activation and control of muscular 
movement. A typical motor unit consists of an anterior horn 
cell body, its myelinated axon, and the collection of muscle 
cells innervated by terminal branches of the axon. 

Table 2 summarizes some diseases with symptoms 
caused by dysfunction at various parts of the motor unit. In 
myasthenia gravis and myasthenic syndrome, antibodies di- 
rected at specific ion channels are the cause of the disease. 
The other conditions listed in Table 2 have defects located at 
other specific points along the motor unit, and they also have 
at least some characteristics common to myasthenia and 
other autoimmune diseases. 

The following findings are common for the better charac- 
terized autoimmune diseases such as myasthenia gravis and 
may offer clues to the pathogenesis of the other conditions: 

0 An antibody is directed at a specific target, which can 
explain the pathophysiology of the disease; 

o The antibody is present in patients but not controls; 

0 The disease can be transferred to an experimental host 
using antibody; 

•Associate Professor. Department of Neurology. UCLA School of Medicine. 



0 Symptoms can be lessened with immunosuppressive 
treatment or plasmapheresis; 

0 The diseases are commonly associated with other 
autoimmune diseases; and 

0 The diseases may be associated with neoplasms. 

Two or more of these characteristics are present for all of 
the diseases listed in Table 2. Specific antibody directed at 
the presynaptic and postsynaptic sides of the myoneural junc- 
tion explain the pathophysiology of myasthenic syndrome 



TABLE 2.-Motor Unit Dysfunction in Autoimmune 


Neuromuscular Diseases 


Location of Dysfunction 


Disease 


Inhibitory intemeurons 


"Stiff-man" syndrome 










Myoneural junction 













and myasthenia gravis, respectively; these antibodies can 
also transfer the disease to laboratory animals. Antibodies 
directed at myelin are found in demyelinating inflammatory 
polyneuropathies, and antibodies directed at neuronal gan- 
gliosides are present in axonal neuropathies. The latter are 
sometimes present in other conditions, however, and experi- 
ments for the passive transfer of the neuropathy with serum 
have not yet been done. Associations with other autoimmune 
diseases are known for myasthenia and for demyelinating 
neuropathies. Myasthenia gravis, myasthenic syndrome, and 
the "stiff-man** syndrome are associated with tumors. All of 
these diseases have been treated with corticosteroids, plas- 
mapheresis, or other immunosuppressive treatments with at 
least some degree of success. 

'Stiff-Man' Syndrome 

The stiff-man syndrome is a rare condition of continuous 
muscle activity at rest. 96 Some patients have stiffness of one 
or more limbs but continue to function. In more severely 
affected patients, the condition is similar to tetanus or strych- 
nine poisoning, with incapacitating rigidity and muscle 
spasms, respiratory failure, fever, elevations of serum cre- 
atine kinase levels, and a remarkable response to benzodiaze- 
pine medications. 97 - 90 These findings suggest dysfunction of 
an important inhibitory synapse on the motor neuron. The 
presence of antibodies to glutamic acid decarboxylase, 
an enzyme that produces the inhibitory neurotransmitter 
7-aminobutyric acid, has been reported and seems to explain 
the motor unit activity that characterizes the syndrome, 99 but 
the antibodies have not been found by other investigators. 100 
More recent reports of autoantibodies reactive with neurons 
containing 7-aminobutyric acid, if confirmed, would cer- 
tainly explain the pathophysiology of the syndrome. 101 Pei- 
tients often have pleocytosis and elevated levels of IgG in 
cerebrospinal fluid. The association with diabetes may relate 
to the presence of antibodies to pancreatic beta cells. 101 The 
association with neoplasms may also be an indirect in- 
dication of autoimmunity. Severely affected patients have 
benefited from treatment with corticosteroids or plasma- 
pheresis. ,oa 
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Motor Neuron Diseases 

Motor neuron diseases are conditions characterized by a 
loss of motor neurons with resultant muscle weakness and 
atrophy. In typical cases of amyotrophic lateral sclerosis, 
both the corticospinal and the anterior horn cells degenerate, 
causing a mixture of upper and lower motor neuron signs. 103 
Bulbar involvement may lead to dysphagia and dysarthria. 
The presence of antibodies directed at neuronal gangliosides, 
and occasionally of IgM paraproteins, has renewed interest 
in an autoimmune cause for amyotrophic lateral sclerosis. 
Drachman and Kuncl coined the term "unconventional 
autoimmune disease** to emphasize that any autoimmune 
cause for amyotrophic lateral sclerosis will be unique and 
different from the causes of conventional autoimmune dis- 
eases such as myasthenia. 104 A useful immunosuppressive 
treatment for most cases of amyotrophic lateral sclerosis has 
not yet evolved. Occasional anecdotal and sometimes pub- 
lished atypical cases of motor neuron diseases have shown 
favorable response to immunosuppression, however. 

Patients with the following characteristics may represent 
a subtype of motor neuron disease: lack of upper motor neu- 
ron involvement, lack of bulbar involvement, conduction 
block of motor axons on nerve conduction studies, and high 
levels of antibodies directed at the GM-1 ganglioside or at 
other related glycolipids. 105,106 Some of these patients have 
IgM paraproteins directed at the ganglioside antigens. Im- 
munosuppressive treatment has been reported to benefit 
some patients with these characteristics. In some cases, ini- 
tial treatment with corticosteroids, azathioprine, and aphere- 
sis has not been helpful, but benefit has been reported with 
the use of cyclophosphamide. 107 The IgM antibodies directed 
at gangliosides seem to be difficult to suppress with treat- 
ments that have been successful in myasthenia and other 
autoimmune disorders. 107108 

Acute Inflammatory Demyelinating Polyneuropathy 

Acute inflammatory demyelinating polyneuropathy, al- 
so known as the Guillain-Barr£ syndrome, is a paralytic 
condition caused by immune-mediated demyelination of 
peripheral nerve. 109 Acute inflammatory demyelinating 
polyneuropathy may be associated with antecedent viral in- 
fection. Chronic inflammatory demyelinating polyneurop- 
athy follows a chronic worsening or a relapsing remitting 
clinical course. 110 Antibodies to myelin and to specific car- 
bohydrate structures of glycolipids and glycoproteins have 
been reported in patients with these diseases. 109 These anti- 
bodies are generally IgM. Occasionally patients with mono- 
clonal gammopathies directed at similar determinants have a 
similar demyelinating polyneuropathy. 111112 Experimental 
microinjection of patients' serum can demyelinate nerves of 
experimental animals. 113 Treatment with plasmapheresis is 
effective in both acute and chronic inflammatory demyelinat- 
ing polyneuropathies, and corticosteroids or immune sup- 
pression is effective treatment of the chronic disorder. 

Myasthenia Gravis 

Myasthenia gravis is a disease of weakness and fatigue, 
frequently affecting swallowing, speech, eye movements, 
and fecial muscles. 114 Antibodies directed at acetylcholine 
receptor (AChR) are present in most patients, and evidence 
for the passive transfer of transient myasthenia to newborns 
of myasthenic mothers has long been appreciated. Passive 
transfer with patients' IgG or with monoclonal antibodies to 



the receptor is further evidence for an autoimmune antibody- 
mediated mechanism. 115 The effect of these antibodies is a 
simplification of the normally richly enfolded subsynaptic 
membrane and a reduction of the amount of AChR. The 
AChR is a sodium channel that opens to generate a transient 
end-plate potential in response to a quantity of acetylcholine 
released by the nerve terminal. A reduction in the membrane 
concentration of AChR causes a reduction in both the rate of 
rise and the height of the end-plate potential. This leads to a 
slight time delay in the muscle membrane action potential, a 
phenomenon known as jitter, which is measurable in the 
electromyographic laboratory. 116 Occasionally the end-plate 
potential fails to reach threshold and that muscle fiber foils to 
contract. The statistical failure of a large number of such 
fibers in time is the basis for weakness and fatigue in a patient 
with myasthenia. 

The treatment of myasthenia is gratifying to clini- 
cians. 114117 Anticholinesterase medications can control 
many of the symptoms and are sufficient treatment in many 
cases. Corticosteroids and occasionally azathioprine or other 
immunosuppressive medications are used when needed. Pa- 
tients in crisis may need mechanical ventilation and tube 
feeding, and plasmapheresis provides the most rapid im- 
provement. Thymectomy has been an important treatment 
since the 1940s. The thymus gland is frequently enlarged for 
age in patients with myasthenia. The occurrence of thymo- 
mas is also well recognized in this disease. The rationale for 
thymectomy and some of our experience at UCLA are de- 
scribed in detail. 

The Myasthenic Syndrome 

The myasthenic syndrome, or the Lambert-Eaton myas- 
thenic syndrome, is another antibody-mediated disease of 
neuromuscular transmission. 1 18 In this disorder, antibodies 
are directed at voltage-dependent calcium channels on the 
presynaptic nerve terminals, which are necessary for the 
coupling of the depolarization of the nerve terminal to the 
release of acetylcholine. This reduction in acetylcholine re- 
lease can be partially and transiently overcome by a rapid 
volley of nerve impulses— for example, after a brief isomet- 
ric contraction. This potentiation is easily shown in the labo- 
ratory by measuring the compound action-potential response 
of muscle to a single nerve stimulation before and after 15 
seconds of isometric contraction. The physiologic defect of 
the Lambert-Eaton myasthenic syndrome can be transferred 
passively to experimental animals with serum, and patients 
improve with either immune suppression or plasmapheresis. 
The syndrome is strongly associated with small-cell carci- 
noma of the lungs, especially in smokers. Small-cell carci- 
noma is neurodermally derived and contains the same type of 
calcium channels that are present in the motor nerve 
terminals. 

Causes of Autoimmunity 

The effects of various autoantibodies directed at each 
specific site of the motor unit cause the specific diseases just 
described. Why are these autoantibodies formed? If we knew 
the primary cause of the induction of these autoantibodies, 
we might devise better and more specific treatments. 

What induces autoantibodies? There are three relevant 
areas of research: the genetics of the immune response, the 
immune networks, and the thymus in patients with myasthe- 
nia gravis. 
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Like a number of other autoimmune diseases, myasthenia 
gravis is associated with a higher-than-expected frequency of 
certain HLA haplotypes. ,,9,2 ° There is no simple genetic 
inheritance of myasthenia or other autoimmune diseases. 
Probably a number of genetic loci, possibly including B- and 
T-cell receptor genes, immunoglobulin variable region 
genes, and class I, II, and III MHC molecules, play a cumu- 
lative role in determining susceptibility to these conditions, 
as suggested by Newsom-Davis and co-workers for myasthe- 
nia gravis. 119 The associations of myasthenia with these and 
other markers suggest that there are genes that enhance the 
ability to produce the autoantibodies of myasthenia. So far 
there is little or no evidence for such associations in other 
diseases discussed in this section. 

The immune network theory provides a framework for 
the production of anti-idiotypic (anti-Id) antibodies that may 
cross-react with autoantigens. 121 For example, anti-Id anti- 
bodies directed against some primary antimicrobial antibod- 
ies have anti-AChR activity. 122 This suggests a mechanism 
for the induction of the anticarbohydrate antibodies associ- 
ated with motor neuron diseases and with demyelinating 
autoimmune neuropathies. Many viruses use cell-surface 
carbohydrates as receptors. Viruses may attach to the same 
carbohydrate structures recognized by the autoantibodies of 
these neurologic diseases. The proposed mechanism is that 
the virus recognizes the cell-surface receptor, the viral infec- 
tion induces the antiviral antibody, the antiviral antibody 
recognizes the receptor binding site on the virus, the anti-Id 
antibody is produced against the antiviral antibody, and the 
anti-Id antibody cross-reacts with the cell-surface receptor 
and becomes an autoantibody. 

There are many examples of this mechanism in which 
immunization with a virus, a hormone, or a drug induces 
antibodies directed at the cellular receptor for the virus, hor- 
mone, or drug. 122 We have evidence that the mechanism can 
operate in an experimental system of relevance to autoim- 
mune neurologic disease. 

Cytomegalovirus and Autoimmunity 

Cytomegalovirus (CM V) is one of the most common vi- 
ruses associated with the Guillain-Bam6 syndrome. The tim- 
ing of paralysis suggests a postinfectious mechanism. 
Autoantibodies are found in human CMV infection and in 
experimental murine CMV infection of mice. 124 We studied 
the structure of the host-cell receptor for murine CMV. At- 
tenuated murine CMV specifically recognizes the sequence 
of the sugars W-acetylglucosamine-galactose. 125 This is simi- 
lar to the antigens of autoimmune demyelinating neurop- 
athies. In experimental infection, mice first produce antiviral 
antibodies, with peak production at 2 1 days. At 36 days post- 
infection, antibodies directed at the receptor also appear. 
Analysis of a panel of antiviral and antireceptor monoclonal 
antibodies from mice indicated that some antibodies are pro- 
duced that are antireceptor autoantibodies and are also anti- 
Id antibodies (react with the antiviral antibodies), as 
predicted by the mechanism just described. The identity of 
the human CMV receptor is not yet known, but it is possible 
that human CMV and other human viruses may induce au- 
toantibodies by the type of anti-Id mechanism that we have 
shown in mice. 

The Thymus in Myasthenia Gravis 

In patients with myasthenia gravis, the thymus is fre- 
quently enlarged, and there is also an increased incidence of 



thymoma. The removal of the thymus is associated with an 
improved prognosis. 126 It has been estimated that the thymus 
is the source of a significant but small portion of anti-AChR 
production in patients. The presence of AChR-bearing 
myoepithelial cells in close proximity to immune lympho- 
cytes in the thymus has been proposed as the milieu in which 
autoimmunity is induced. 119 Thymectomy is thus a strategy 
for potentially intervening early in the process of the induc- 
tion of autoimmunity. 

Role of Thymectomy in Myasthenia Gravis 
Donald G. Mulder, md*: Nerve impulse transmission to 
muscle occurs at the acetylcholine receptor site by the release 
of acetylcholine, which is counterbalanced appropriately by 
postsynaptic cholinesterase. In patients with myasthenia 
gravis, many of these receptor sites are blocked, bound, or 
degraded by antibodies induced by events arising in the pa- 
tients* own thymus glands. As a result of this autoimmune 
process, patients have a decreased number of normally func- 
tioning neuromuscular units and have symptoms of weakness 
and easy fatigability. 

There are four ways that a myasthenic patient can be 
managed: 

o Anticholinesterase medications, the most common be- 
ing pyridostigmine bromide (Mestinon), to enhance the ace- 
tylcholine effect on the remaining functioning AChR; 

° Immunosuppressive drugs, such as prednisone and 
azathioprine, to control the immune response; 

o Plasmapheresis treatments to transiently decrease the 
amount of circulating antibody; and 

o Thymectomy to remove the source of autoantibody 
induction. 

Indications for Operation 

In recent years we have recommended thymectomy ear- 
lier in the course of the disease for several reasons: surgical 
morbidity and mortality are low; many patients have progres- 
sion of symptoms despite increasing dosages of anticholines- 
terase medications; intolerance to medications develops, 
especially as the dosages are increased; long-term side 
effects and complications of steroid therapy develop; 
plasmapheresis produces only a transient benefit; and revers- 
ibility of impaired function at the AChR sites becomes a 
concern once they have become blocked or bound by anti- 
body. Even if spontaneous improvement should occur, it is 
known that such improvement or even remission is uncom- 
mon and short-lived. 

Thus, the clinical diagnosis of myasthenia gravis— sub- 
stantiated unequivocally by a positive test with edrophonium 
bromide (Tensilon), frequently (85%) with the finding of 
receptor site antibodies in the serum, and abnormal single 
fiber electromyography— warrants consideration of thymec- 
tomy even in those patients with ocular and mild generalized 
disease. The finding on routine chest roentgenograms of an 
anterior mediastinal mass, further delineated by a computed 
tomographic scan or magnetic resonance imaging, and the 
presence of antistriational muscle antibody (90%) provide 
strong evidence for the diagnosis of thymoma. The presence 
of a thymoma, -which occurs in approximately 20% of pa- 
tients with myasthenia, is another indication for operation. 

•Professor. Department of Surgery, Division of Cardiothorecic Surgery, UCLA 
School of Medicine. 
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Perioperative Considerations 

Most patients can be operated on when their symptoms 
are stable and under satisfactory medical control. In those 
with rapidly progressive disease that is difficult to control, 
the use of plasmapheresis has been of great help in stabilizing 
patients before an operation. Because only about 40% of the 
receptor site antibody is present in the serum at any one time, 
multiple treatments (weekly for four to six weeks) may be 
necessary to achieve the desired results. The transient but 
usually dramatic improvement in a patient's condition per- 
mits a much safer operation. 

Total thymectomy is done through a median sternotomy 
incision, which gives optimum exposure to the bilobed struc- 
ture lying directly behind the sternum. The lateral matins 
approach the phrenic nerves, which are carefully spared 
from injury as the entire gland and all mediastinal fat— which 
occasionally harbors aberrant remnants of thymic tissue- 
are removed. The cervical pedicles of the thymus, which are 
frequently contiguous with the inferior pole of the thyroid, 
are also removed. 

Any thymoma should be excised with a generous margin 
of contiguous tissue and the entire thymus gland removed as 
well. Locally invasive thymomas should be managed aggres- 
sively by block resection of involved pericardium, lungs, and 
vascular structures because the results of surgical removal 
supplemented by irradiation, chemotherapy, or both, are sur- 
prisingly good. 

Because many patients have limited ventilatory reserve, 



TABLE 3.-/?esu/£s of Thymectomy in 333 Ratients With 
Myasthenia Gravis From 1954 to 1987 



Patients 

Men Women Total 
Result No. W No. (<to) No. (%) 



Remission j. . 35 (38) 121 (50) 156 (47) 

Improved 1. 38 (41) 89 (37) 127 (38) 

Operation benefited 73 (78) 210 (88) 283 (85) 

Same 10 22 32 

Worse 1 1 2 

Dead* 9 7 16 

Total 93 240 333 



*2 operative deaths; mean follow-up &45 yr. 



their anesthetic management and postoperative care are ex- 
tremely important to minimize pulmonary complications. 
Most patients can be extubated in the immediate postopera- 
tive period, whereas some must be carefully weaned from the 
respirator after one or two days. A tracheostomy has rarely 
been necessary. 

Results After Thymectomy 

In recent years thymectomy has gained increasing accep- 
tance as the most effective therapy for achieving sustained 
improvement in most patients with myasthenia gravis. 127 * 130 
We reported our results at the UCLA Medical Center in 1983 
with 249 patients 127 and again in 1989 with an additional 84 
patients. 126 This 33-year experience with 333 patients is 
summarized in Table 3. Remission— no medication, no 
symptoms— was achieved in 121 of the 240 women (50%) 
and 35 of the 93 men (38%). Improvement— less medication, 
fewer symptoms— was noted in an additional 37% of the 
women and 41% of the men. Overall, 283 of the 333 patients 



(85%) benefited from the operation. Reoperation for recur- 
rent invasive thymoma resulted in two operative deaths. Over 
a mean follow-up period of 6.45 years, there were 14 late 
deaths, which in most instances were caused by complica- 
tions related to a progression or relapse of the patients' myas- 
thenia. 

An attempt was made in the recent five-year review of our 
experience 126 to identify factors that might predict a more 
favorable outcome after thymectomy. The presence of AChR 
antibodies in the patients 1 serum and a thymus gland contain- 
ing areas of hyperplasia were found to be predictors of a 
favorable outcome. 

Serum for determining AChR antibody levels was ob- 
tained from 76 of the 84 patients in the recent series. Anti- 
bodies were detected in 43 patients, of whom 19 (44%) 
achieved remission and 21 had improvement; hence, 40 pa- 
tients (93%) benefited from the operation. In contrast, only 
2 1 (64%) of the 33 patients in whom no antibody was detect- 
able benefited from the operation. Nine (27%) achieved re- 
mission, and 12 showed improvement. 

The presence of hyperplasia in the excised thymus gland 
was noted in 38 patients, of whom 20 (53%) achieved remis- 
sion and 13 had improvement; hence, 33 (87%) benefited 
from the operation. A normal gland— one without specific 
diagnostic changes, such as atrophy or involution— was 
found in 35 patients and was associated with remission in 7 
(20%) and improvement in 17, so that 24 patients (69%) 
benefited from the operation. 

In the 11 patients with thymoma, 10 (90%) benefited 
from the operation in which the thymoma and all remaining 
thymus were excised. Three patients (27%) had remission 
and seven improved postoperatively. 

The combination of hyperplasia of the thymus gland and 
the presence of AChR antibodies was a favorable prognostic 
cator (Table 4). Of the 23 patients with this combination, 15 



TABLE A.-Thymus Disease and Acetylcholine Receptor 
Antibodies After Thymectomy in 76 Patients With 
Myasthenia Gravis From 1982 to 1987 

Patients 

Benefited 

From 

Total Remission Improved Operation 
Disease and Antibody (Ab) Status No. No, (ty No. fof No. {<*>) 

Hyperplasia. Ab+ 23 15 (65) 7 (30) 22 (96) 

Hyperplasia, Ab- 11 3 (27) 4 (36) 7 (64) 

No diagnostic changes. Ab+.. 10 1 (10) 8 (80) 9 (90) 

No diagnostic changes, Ab-.. 22 6 (27)* 8 (36) 14 (64)* 

Thymoma. Ab+ 10 3 (30) 7 (70) 10 (100) 

♦ - positive. - - negative 

•Difference between categories is P<OS, 



achieved remission (65%) and 7 had improvement; hence, 22 
(96%) of the 23 benefited from the operation. In contrast, the 
22 patients without AChR antibodies and without hyperpla- 
sia did not have as favorable a response; 14 (64%) benefited 
from the operation, and only 6 (27%) had remission. 

Of the 11 patients with thymoma, all 10 with AChR anti- 
bodies benefited from the operation. Three patients (30%) 
achieved remission. 

Based on our experience and that of others, it can be said 
that thymectomy is beneficial to most patients with myasthe- 
nia gravis. The operation has a low morbidity and mortality. 
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Although the outcome is not entirely predictable for any 
specific patients, predictors of success are a relatively young 
age with less severe disease of short duration in a patient who 
does not have an invasive thymoma but who has hyperplasia 
of the thymus and the presence of anti-AChR antibodies pre- 
operatively. 
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Current Pharmacologic Treatment of 
Multiple Sclerosis Symptoms 

PETER-BRIAN ANDERSSON, MBChB, BSC(MED)(HONS),DPhil, and 
DONALD E. GOODKIN, MD, San Francisco, California 

About 350,000 persons in the United States have multiple sclerosis, and primary care physicians are 
often called on to provide symptomatic therapy for these patients. We review our current pharmaco- 
logic approach to the management of multiple sclerosis exacerbations and the symptoms of spastic- 
ity, fatigue, bladder and bowel involvement, neurobehavioral complaints, pain syndromes, dystonic 
spasms, and tremor and ataxia. 

(Andersson PB, Goodkin DE: Current pharmacologic treatment of multiple sclerosis symptoms. West ] Med 1996; 
165:313-317) 



Multiple sclerosis is the most common cause of 
neurologic disability affecting young adults in the 
Northern Hemisphere. It is estimated that 350,000 per- 
sons in the United States are affected with this disease, 
and primary care physicians are often called on to pro- 
vide these patients with symptomatic therapy. We 
review our current pharmacologic approach to the man- 
agement of multiple sclerosis exacerbations and symp- 
toms that frequently occur in otherwise clinically stable 
patients. 41 Multidisciplinary care and disease-modifying 
therapies, equally important topics, are reviewed else- 
where. 1 * 2 

Acute Exacerbations 

Exacerbations of multiple sclerosis consist of the 
appearance of new, or worsening of old, clinical signs or 
symptoms that last more than 24 hours in the absence of 
fever or infection. Clinical deterioration in conjunction 
with fever or infection is considered to be a "pseudoex- 
acerbation." Pseudoexacerbations should be considered 
in any patient with multiple sclerosis having acute or 
subacute clinical deterioration, and the source of fever 
or infection should be identified and treated before con- 
sidering the use of glucocorticosteroids. 

The use of both glucocorticosteroids" and corti- 
cotropin 5 * reduces the intensity and duration of the neu- 
rologic disability during relapses, though the intravenous 
(IV) administration of 1 gram of methylprednisolone 
sodium succinate each day for three to five days, fol- 
lowed by oral prednisone therapy begun at 60 mg and 
tapered gradually during the subsequent 1 1 to 18 days, is 
more efficacious than the intramuscular administration 
of corticotropin. 5 " 7 Preliminary evidence suggests similar 

♦Sec also the editorial by L. B. Krupp, MD. "Advances in the Treatment of 
Multiple Sclerosis." on pages 320-321 of this issue. 



efficacy when 1 gram of methylprednisolone is adminis- 
tered orally, and this route of administration appears to 
be well tolerated.* There is currently no consensus as to 
the dose, route of administration, or duration of steroid 
therapy for multiple sclerosis relapses, though data for 
clinical benefit 3- * exist with high doses only, and reduc- 
tions in gadolinium contrast enhancement of acute 
plaques are dose dependent.' Further, there is no evi- 
dence that steroid treatment of multiple sclerosis relaps- 
es nor long-term (maintenance) steroid therapy has any 
effect on the ultimate course of the disease (reviewed by 
Myers). 1 * It is our current practice to treat only acute 
exacerbations that result in substantial disability with 1 
gram of methylprednisolone given IV for 3 days, fol- 
lowed by 60 mg of prednisone administered orally and 
the dose tapered over 11 days. Until a larger clinical 
experience is published, we remain reluctant to treat 
multiple sclerosis patients with 1 gram of oral methyl- 
prednisolone because of lingering concerns regarding 
toxicity. 

The therapeutic benefits of glucocorticosteroids in 
acute exacerbations are poorly understood, but are cur- 
rently postulated to be attributable to one or more of the 
following mechanisms of action: 

• Reduced blood-brain barrier permeability and 
resulting tissue edema,* 11 

• Decreased intrathecal immunoglobulin G synthesis 
and complement activation, 1 * 

• Reduced proinflammatory cytokine production," 
•Immunosuppression by transforming growth factor 

0, 1J and 

• Reduced expression of adhesion molecules on vas- 
cular endothelium. 14 

Patients with a first episode of isolated optic neuritis 
appear to be at a reduced risk of multiple sclerosis 



From the University of California. San Francisco. School of Medicine (UCSF)-Mount Zion Multiple Sclerosis Center. 

Reprint requests to Donald E Goodkin, MD, Medical Director. UCSF-Mount Zion Multiple Sclerosis Center. 1600 Divisadero St, San Francisco. C A 941 15. 



314 WJM, November 1996— Vol 165, No. 5 



Multiple Sclerosis Treatment-^Andersson and Goodkin 



developing for the following two years when treated 
with IV methylprednisolone, 250 mg every six hours for 
three days, followed by a tapering course of oral pred- 
nisone. This benefit is not observed in similar patients 
treated with 1 mg per kg of body weight of oral pred- 
nisone for 1 1 days." The mechanism for this apparent 
treatment effect is unknown, and it has been postulated 
that glucocorticosteroids reduce T-cell reactivity to 
immunogenic myelin peptides that emerge after an ini- 
tial episode of demyelination." It is our practice to treat 
monosymptomatic optic neuritis with a regimen of 1 
gram of IV methylprednisolone each day for three days, 
followed by prednisone, 60 mg administered orally each 
day for six days, and the dose tapered by 10 mg per day 
thereafter. 

Spasticity 

Spasticity is characterized by a velocity-dependent 
increase in resistance to passive or active movement of 
muscles. Spasticity is generally associated with weak- 
ness, hyperreflexia, extensor plantar responses, sponta- 
neous muscle spasms, and limb stiffness. Physical 
therapy — daily active and passive range-of-motion exer- 
cises — and splinting are essentials of management to 
limit the development of contractures. 17 

Before initiating pharmacologic therapy for spastici- 
ty, it is important to recognize that limb stiffness often 
provides support for ambulation. Patients with spastici- 
ty that is associated with hip flexor weakness may lose 
their ability to ambulate if spasticity is treated too 
aggressively. It is also important to consider the possi- 
bilities of subclinical urinary tract infection and bladder 
or bowel distention before initiating therapy because 
these conditions may aggravate preexisting spasticity. 

We restrict the treatment of spasticity to ambulatory 
patients without severe hip flexor weakness, those in 
whom treatment will facilitate personal care (for exam- 
ple, turning in bed or intermittent urethral catheteriza- 
tion), and patients who have painful spasms. We begin 
therapy with baclofen, 5 mg two or three times each day, 
and increase this dose by 5 mg every three days as toler- 
ated. Frequent telephone contact with the patient is 
helpful in titrating the dosage. Doses approximating 30 
mg each day are generally well tolerated, whereas higher 
doses increase the likelihood of adverse symptoms such 
as weakness, drowsiness, and leg swelling. Many patients 
require and tolerate daily doses approximating 80 mg, 
and occasionally a patient may respond only at higher 
doses. Patients treated with baclofen should be monitored 
for possible asymptomatic elevations of aminotransferase 
levels, and patients with compromised renal function may 
require adjusted dosage. The abrupt termination of thera- 
py has been associated with agitated behavior, paranoid 
ideation, and seizures. Optimal results are achieved when 
pharmacotherapy is coupled with muscle stretching exer- 
cises supervised by a physical or occupational therapist. 17 
Supplemental oral doses of diazepam, 1 to 2 mg, or cloni- 
dine, 0.1 to 0.2 mg, administered two or three times each 
day are also well tolerated and may be used to advantage 



to potentiate the therapeutic effects of baclofen." 
Although the use of dantrolene sodium is often effective 
in patients with spasticity resulting from central nervous 
system trauma, its benefits in patients with multiple scle- 
rosis are almost always overshadowed by unwanted 
weakness and sedation. 

Intrathecal baclofen administered by a subcutaneous 
self-contained pump represents a reasonable alternative 
route for patients with severe spasticity that is unre- 
sponsive to oral therapies discussed earlier. This route of 
administration achieves fourfold higher cerebrospinal 
fluid drug concentrations while using only 1% of the 
oral dosage generally required for a treatment effect. A 
review of this experience suggests that more than 95% 
of patients treated with intrathecal baclofen have abate- 
ment or abolition of spasticity and spasms. 19 Surgical 
implantation of the self-contained pump, occasional 
mechanical or connecting tube malfunction, and cost 
represent obstacles to the more widespread use of this 
therapeutic application. 

Bladder Symptoms 

About 75% of patients with multiple sclerosis have 
symptoms of bladder dysfunction. 29 Symptoms of 
urgency, frequency, and urge incontinence are generally 
due to detrusor spasticity, whereas hesitancy, interrup- 
tion of the urinary stream, or urine retention are more 
frequently associated with detrusor hypotonicity and 
incomplete relaxation of the internal and external 
sphincters during detrusor contraction (sphincter 
dyssynergia). Distinguishing these two types of bladder 
dysfunction is essential when attempting to provide 
effective therapy. 

Measuring the amount of urine voided and the 
postvoiding volume of urine remaining usually enables 
the distinction to be made between bladder spasticity 
and hypotonicity. It is our practice to catheterize all 
symptomatic patients to determine the postvoiding 
residual volume and to exclude the possibility of a uri- 
nary tract infection as the cause of symptoms. Patients 
who void volumes of less than 200 to 300 ml and who 
have residual volumes of less than 100 ml generally 
have detrusor spasticity and often will have a reduction 
in symptoms with anticholinergic agents. We favor the 
use of oxybutynin chloride in doses of 2.5 to 5.0 mg 
orally two to three times each day, although the admin- 
istration of propantheline bromide, 15 mg orally three to 
four times each day, is equally effective. Both medica- 
tions are well tolerated, although dryness of the mouth 
and constipation are commonly experienced. Patients 
who void volumes of greater than 500 ml and who have 
postvoiding volumes of more than 100 ml generally 
have a hypotonic detrusor muscle, and those with resid- 
ual volumes in excess of 200 ml often have associated 
sphincter dyssynergia. These patients are often respon- 
sive to intermittent self-catheterization, 2iaa a procedure 
easily taught and, in our experience, more effective than 
administering terazosin hydrochloride, 5 mg orally three 
to four times each day. Clinicians who lack the 
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resources to teach intermittent self-catheterization tech- 
niques should consider referring symptomatic patients 
to a multiple sclerosis center or a urologist. We refer to 
a urologist all patients with recurrent urinary tract infec- 
tions or incontinence that does not respond to these 
measures. 

Bowel Symptoms 

Constipation, evacuation urgency, and incontinence 
occur in about 50% of patients with multiple sclerosis." 
These symptoms are associated with abnormal colonic 
pressures, absent postprandial colonic motility, and 
functional outlet obstruction during defecation by an 
impaired puborectal muscle and anal sphincter relax- 
ation. 24 Dietary adjustments with regular high-fiber 
meals, bulk formers, laxatives, enemas, timed voidings, 
and digitization of the anus often alleviate symptoms. 
Rectal bags are occasionally useful, and diversionary 
procedures are rarely if ever indicated. 

Fatigue 

Fatigue occurs in about 75% of patients with multi- 
ple sclerosis and is typically worse during afternoon 
hours and with increased ambient temperature. 15 It is 
distinct from the fatigue seen in depression and sleep 
disorders, 2 * and, in contrast to fatigue in normal controls, 
that in patients with multiple sclerosis is overwhelming 
and often requires the patient to sit, lie down, or sleep. 
The fatigue of this disorder correlates poorly with the 
degree of functional impairment shown on neurologic 
examination. 27 - 2 * 

Drug intervention coupled with the training of ener- 
gy conservation techniques is often helpful in managing 
this symptom. 29 Amantadine hydrochloride, given orally 
in dosages of 100 mg once or twice each day, is effec- 
tive in 41% to 62% of patients. 2 *" 2 * Other effective med- 
ications include pemoline, 37.5 mg, or fluoxetine 
hydrochloride, 10 to 20 mg, administered orally once or 
twice each day. Anxiety and insomnia are occasional 
adverse side effects. There is anecdotal evidence that 
patients who respond to these agents do so within sever- 
al days and are unlikely to respond to higher doses. A 
sustained response in some patients may be facilitated 
by treatment regimens that include one- week drug holi- 
days every three to four weeks. 

Depression and Inappropriate 
Expressions of Emotion 

Bipolar affective disease, anxiety disorder, and 
depression are more common in patients with multiple 
sclerosis than in age- and sex-matched groups. 30 " 34 
Whether these conditions are directly attributable to 
cerebral plaques or are consequences of the psychologi- 
cal stresses associated with multiple sclerosis are not 
known. Therapy for depression in patients with multiple 
sclerosis is similar to that for the general population. We 
administer amitriptyline starting at a dosage of 25 mg 
each evening before bed and increasing this dose by 25 
mg each week to a maintenance dose of 75 to 100 mg 



each day. The anticholinergic properties of this drug are 
also helpful to patients with symptoms of bladder spas- 
ticity or chronic pain. Patients with severe fatigue tend to 
tolerate this drug poorly and may respond more favor- 
ably to fluoxetine, 10 to 20 mg administered orally each 
morning. Patients with multiple sclerosis are at increased 
risk for suicide compared with the age-matched general 
population. 35 They should be questioned directly about 
symptoms suggestive of depression at each medical eval- 
uation, and those who are unresponsive to initial 
treatment efforts should be referred for psychiatric con- 
sultation. 

Inappropriate expressions of emotion (pathologic 
laughter or weeping) occur in 10% of patients 33 and are 
generally responsive to the oral administration of 
amitriptyline at a dosage of 10 to 75 mg each day. 31 
Anecdotal experience suggests that oral fluoxetine in 
dosages of 10 to 20 mg each day is equally effective. 

Pain Syndromes 

Pain is reported to occur in about 55% of patients 
with multiple sclerosis. 3 * Female patients and patients 
older than 40 years appear to be at an increased risk. 
About 80% of these patients have chronic pain syn- 
dromes. These syndromes are characterized by extremi- 
ty dysesthesia, back pain, leg spasms, and abdominal 
pain and often occur in conjunction with myelopathy. 

Chronic Pain 

Chronic dysesthetic extremity pain, the most com- 
mon of the chronic pain syndromes, is generally charac- 
terized as a burning or raw sensation that worsens at 
night. Administering tricyclic antidepressants such as 
amitriptyline in oral dosages of 25 to 150 mg each day 
is partially effective in 40% to 66% of treated 
patients. 307 Regimens consisting of carbamazepine 
given in dosages of 100 to 200 mg orally three times 
each day or phenytoin, 100 mg given orally three times 
each day, appear to be similarly effective. Occasionally 
a patient will respond to transcutaneous nerve stimula- 
tion techniques and cognitive behavioral therapy in the 
context of a comprehensive pain management program. 

Chronic lumbosacral pain is frequently associated 
with mechanical stress on the spine, with spasticity and 
weakness. Physical therapy and nonsteroidal anti- 
inflammatory agents are frequently of benefit. It is 
important to maintain vigilance for radiculopathy from 
disc herniation because patients with multiple sclerosis 
commonly have associated degenerative disc disease. 3 * 

Painful tonic spasms of the limbs are commonly trig- 
gered by tactile stimuli, positional change, decubitus, 
and urinary tract infections. Antibiotic treatment of 
obvious or subclinical infections is often effective. The 
use of baclofen in dosages similar to those required for 
the management of spasticity is reported to be effective 
therapy in about two thirds of patients. 3 * 

Acute Pain 

The acute pain syndromes in multiple sclerosis 
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include trigeminal neuralgia, painful dysesthesia, 
Lhermitte's sign, or dystonic spasms (vide infra). 
Trigeminal neuralgia is more commonly bilateral (31% 
versus 10%) and seen at a younger age (50 versus 63.5 
years), 33 but it is otherwise indistinguishable from 
trigeminal neuralgia occurring in patients who do not 
have multiple sclerosis. Each of these conditions is gen- 
erally partially or completely responsive to the adminis- 
tration of carbamazepine, 100 to 200 mg administered 
orally two or three times each day. 39 *" Phenytoin, 100 to 
200 mg two or three times each day, 41 and baclofen, 10 
to 30 mg one to three times each day, 42 are similarly 
effective alternatives, and early experience with 
gabapentin, 300 to 400 mg three times a day, has been 
promising. Percutaneous trigeminal rhizotomy may be 
indicated for medically refractory cases. 

Dystonic Spasms 

Dystonic spasms or "tonic seizures" consist of 
paroxysmal tonic posturing that affects one or more 
extremities and occasionally affects one side of the face. 
In most patients, dystonic spasms are painful and stereo- 
typed, spreading over the involved area over several sec- 
onds and at times crossing the midline. They may last as 
long as two minutes, be preceded or followed by senso- 
ry disturbances, and recur repeatedly. Frequently these 
spasms are triggered by hyperventilation, movement, or 
tactile stimulation of the limb. Some patients suggest 
that alcohol consumption may trigger an event. 
Dystonic spasms bear no relation to the degree of under- 
lying spasticity and are differentiated from simple flex- 
or spasms by the greater intensity of the pain, longer 
duration, stereotypy, the possible presence of sensory 
symptoms, and triggering factors. Dystonic spasms are 
not epileptic, do not impair consciousness, and general- 
ly respond well to the use of carbamazepine or pheny- 
toin orally in dosages of 100 to 200 mg two to three 
times each day. 

Tremor and Ataxia 

Tremor and ataxia are among the most debilitating 
consequences of multiple sclerosis. These disorders are 
poorly responsive to pharmacotherapy. The use of clon- 
azepam, 0.5 to 2 mg orally one to four times each day, 25 
and primidone, 125 to 250 mg orally two to three times 
each day, is partially effective in a few patients. 
Occasionally a patient may be partially responsive to the 
administration of propranolol hydrochloride, 20 to 40 
mg orally two to three times a day. Inhaled marijuana is 
not beneficial, 43 and isolated reports of success with 
other agents, including isoniazid, carbamazepine, aceta- 
zolamide, and glutethimide, have not been confirmed in 
practice. 
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Most neurological problems are dealt with by general 
practitioners and hospital physicians, not by neurolo- 
gists. 1 Neurological disorders account for 10°/o-20% of 
acute hospital admissions. Around 10% of the adult 
population consult their general practitioner each year 
with neurological symptoms, but of these less than 10% 
are referred to hospital clinics. Developments in the 
management of neurological disorders are therefore 
relevant to doctors without specialist neurological 
training. 

Methods 

We identified references by regular reading of general 
medical and neurological journals, from searching the 
electronic literature (Medline, BIDS), and through dis- 
cussion with general practitioners and neurological 
colleagues with specialist interests. The final selection 
of papers was partly subjective. 

Cerebrovascular disease 

The international stroke trial and the Chinese acute 
stroke trial, each concerning around 20 000 patients, 
examined antithrombotic therapy (aspirin, heparin) 
given within 48 hours of acute ischaemic stroke. 23 
Both found aspirin to be associated with about 10 
fewer deaths or recurrent strokes in the first 4 weeks for 
each 1000 patients treated, but with slighdy more 
haemorrhagic strokes. The international stroke trial 
reported no benefit from subcutaneous heparin (5000 
or 12 500 IU twice daily) given with or without aspirin. 
Hence it was concluded that aspirin should be started 
as soon as possible after the onset of an acute 
ischaemic stroke. 2 5 Whether aspirin use is "acute treat- 
ment" or simply early secondary prevention remains 
debatable. 

No clinical indicators reliably differentiate ischae- 
mic from haemorrhagic stroke. The recommendation 
that aspirin be started only after appropriate brain 
imaging in patients requiring admission to hospital will 
place a huge burden on acute neurological services 
(over 100 000 people have a first stroke in England and 
Wales each year). The issue is still more problematic for 
thrombolytic therapy (tissue type plasminogen activa- 
tor, streptokinase, urokinase). An overview of previous 
trials indicated significant excesses of early and total 
deaths, and of symptomatic and fatal intracranial 
haemorrhages, after acute thrombolytic therapy, but a 
significant reduction in death or dependency in 



patients randomised to treatment within 3 hours of 
stroke onset 4 To identify the small number of patients 
likely to benefit from thrombolysis, early hospital 
admission and prompt investigation will be necessary. 
This may be achieved in dedicated stroke units, which 
have been shown to produce long term reductions in 
death, dependency, and need for institutional care. 5 

Carotid artery stenosis is an important predispos- 
ing factor for cerebrovascular ischaemic events, the risk 
increasing with the severity of stenosis and the 
presence of symptoms. For severe (more than 70% 
narrowing) symptomatic stenosis, carotid endarterec- 
tomy is recommended. For severe symptom free steno- 
sis, optimal management has yet to be defined: a meta- 
analysis of trials 6 showed only a small absolute benefit 
from surgery in reducing the odds of ipsilateral stroke; 
hence the procedure cannot be routinely recom- 
mended. For mild to moderate symptomatic stenosis 
(less than 70% narrowing), antiplatelet therapy with 
aspirin or dipyridamole, or both, is recommended. 
Persistent symptoms may necessitate use of other 
treatments such as ticlopidine (named patient basis 
only); clopidogrel, which reduces the relative risk for 
further ischaemic events slighdy more than aspirin 7 ; or 
anticoagulation with warfarin. 

Epilepsy 

Most individuals with newly diagnosed epilepsy enter 
prolonged seizure remission and have an excellent 
prognosis, but seizures remain refractory in 20%-30%. 8 
Improved evaluation of such patients with magnetic 
resonance imaging and telemetry may identify the 
structural and functional abnormalities that give rise to 
seizures. Up to 75% of patients with refractory partial 
epilepsy show evidence of abnormalities on magnetic 
resonance imaging, 9 some of which are amenable to 
surgery. 



Cerebrovascular disease 

• Given within 48 hours of ischaemic stroke, aspirin 
reduces risk of death and recurrent stroke 

• Thrombolysis for acute ischaemic stroke is most 
effective if delivered within 3 hours of stroke onset 

• Stroke units reduce death, dependency, and need for 
institutional care after stroke 

• Carotid endarterectomy is currently recommended 
only for severe and symptomatic carotid stenoses 
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The first line drugs for epilepsy monotherapy 
remain carbamazepine and sodium valproate; pheny- 
toin is now less used, and although lamotrigine has a 
monotherapy licence its place has still to be defined 
Several new "add on agents" have been licensed in 
recent years including vigabatrin, gabapentin, lamot- 
rigine, and topiramate. An overview of trials in patients 
with refractory partial seizures suggests no major 
differences between these agents in either efficacy or 
tolerability. 10 Severe visual field defects have recently 
been reported after prolonged use of vigabatrin, 
prompting the development of guidelines for monitor- 
ing vision. 11 Vagal stimulation remains an experimental 
approach to seizure control. 12 

Population based studies show that patients with 
epilepsy have an increased risk of death compared with 
age and sex matched controls. 15 Some of these deaths 
are related to epilepsy itself, for example, as a 
consequence of accidents, but others are unexplained 
The category of "sudden unexpected death in epilepsy" 
(SUDEP) has recendy been introduced to encompass all 
such deaths, which are more common in individuals 
with refractory epilepsy (about 1 per 200 patients per 
year). 15 Many of these deaths may be related to 
unwitnessed seizures, possibly associated with ventricu- 
lar fibrillation, asystole, respiratory arrest, or neurologi- 
cally mediated pulmonary oedema. A proportion of 
cases of sudden unexpected death in epilespy may 
therefore be preventable with improved seizure control 

Multiple sclerosis 

Interferon betas (interferon beta- lb, Betaferon; inter- 
feron beta- la, Avonex, Rebif) have been shown to 
reduce relapse rate in relapsing-remitting (non- 
progressive) multiple sclerosis by about one third 14 " 15 
The Association of British Neurologists recommends 
(guidelines, June 1999) interferon beta be prescribed for 
ambulant patients with at least two definite relapses in 
the previous 2 years followed by recovery (may or may 
not be complete). Whether reduction in relapse rate 
reduces or prevents later disability is not known; some 
evidence has been presented in favour. 15 16 The 
uncertainty reflects the difficulties of treatment trials for 
multiple sclerosis owing to die variable clinical course of 
the disease, the validation of disability measurements, 
and discrepancies between secondary outcome meas- 
ures such as evidence of changes on magnetic 
resonance imaging, and clinical behaviour. 17 Interferon 
beta- lb has been reported to delay progression (for 
9-12 months in a study period of 2-3 years) in secondar- 
ily progressive multiple sclerosis of moderate severity 
(minimum walking distance of 20 metres with assist- 
ance) 18 and has been licensed for this indication. The 
Association of British Neurologists has produced guide- 
lines to aid therapeutic decision making in secondary 
progressive multiple sclerosis, but these may be altered 
in the light of a recent large study (SPECTRIMS; to date 
presented only in abstract), which reported no 
significant effect of interferon beta- la in delaying 
disability in secondary progressive multiple sclerosis. 
Sorting out this complex area, with profound financial 
implications, will be a high priority for NICE. 

Trials are also in progress to ascertain whether inter- 
feron betas are useful in primary progressive multiple 
sclerosis, or in delaying or preventing the onset of 



Epilepsy 

• Evaluation of patients with refractory partial epilepsy with magnetic 
resonance imaging and telemetry may yield diagnostic information in up to 
75% 

• Second line, "add on," agents for refractory partial seizures show no 
significant differences in efficacy or tolerability 

• Guidelines for monitoring of visual fields in patients receiving long term 
vigabatrin have been issued 

• Sudden unexplained death in epilepsy (SUDEP) may be preventable with 
better seizure control 



Multiple sclerosis 

• Inteferon betas reduce relapse rate in relapsing-remitting multiple 
sclerosis by about one third in patients experiencing two disabling relapses 
every 2 years, and may have a small effect in delaying disability progression 

• Magnetic resonance imaging can help predict which patients with 
clinically isolated syndromes will progress to multiple sclerosis 

• Liaison between primary and secondary healthcare services is essential for 
the appropriate management of established disability in multiple sclerosis 



cUsserninated disease after clinically isolated syndromes 
such as optic neuritis and transverse myelitis. Defining 
which of these patients will progress to widespread dis- 
ease may be facilitated by magnetic resonance imaging; 
clinically silent lesions are predictive of the long term 
risk of subsequent development of multiple sclerosis. 19 

Other possible treatments for multiple sclerosis 
include copolymer- 1 20 and pulsed intravenous immu- 
noglobulin, 21 which, like interferon betas, reduce the 
relapse rate. However, the place for these immu- 
nomodulatory agents remains to be defined. Intra- 
venous methylprednisolone may hasten recovery from 
acute relapses but has no effect in the long term. A 
recent trial suggested intravenous methylprednisolone 
is no better than equivalent oral doses of methylpred- 
nisolone for acute relapses. 22 If so, then switching from 
intravenous to oral steroids for acute relapses may 
make considerable savings. 

In advanced multiple sclerosis, management of 
established disability may be the primary role of the 
neurologist Bladder dysfunction usually consists of 
combined detrusor hyperreflexia and incomplete 
emptying volumes of less man 100 ml of urine remain- 
ing in the bladder after micturition are managed with 
oxybutinin or detrusitol; volumes greater than 100 ml 
require clean, intermittent, self catheterisatiorL 23 Sexual 
dysfunction (erectile failure) may be helped with the 
phosphodiesterase inhibitor sildenafil citrate (Viagra), or 
more established agents such as yohimbine or other a 
adrenoreceptor blockers. Management of limb spasticity 
requires a multi disciplinary approach ensuring correct 
posture, prevention of skin ulceration from pressure, 
management of bladder and bowel dysfunction, as well 
as pharmacological measures. Tizanidine, an a, adreno- 
receptor agonist, has recently been licensed in the 
United Kingdom as an antispastic agent 24 

Parkinson's disease 

The management of idiopathic Parkinson's disease is 
still centred around the use of levodopa preparations 
since they produce the most effective relief of 
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Parkinson's disease 

• Accurate diagnosis of parkinsonian syndromes is important for 
appropriate management 

• Use of levodopa sparing agents may be desirable in the treatment of early 
onset Parkinson's disease 

• The late stages of Parkinson's disease necessitate the use of polypharmacy 
to manage unpredictable response fluctuations to levodopa, which are an 
almost invariable feature after several years' treatment 

• Functional neurosurgery may improve some of the features of 
Parkinson's disease and treatment complications in selected patients 



symptoms in most patients. Distinguishing idiopathic 
Parkinson's disease from other parkinsonian 
syndromes (for example, multiple system atrophy, 
Steele-Richardson-Olszewski syndrome) is crucial as 
the latter differ in prognosis and management With 
long term treatment with levodopa, response fluctua- 
tions develop in around 10% of patients with 
idiopathic Parkinson's disease per year. Delaying the 
use of levodopa in early disease, particularly in young 
patients (under 50 years), is therefore desirable. 

Levodopa sparing agents that may be used as 
monotherapy in early Parkinson's disease include 
amantadine, anticholinergics (particularly if tremor is 
predominant), selegiline, and dopamine agonists. Bro- 
mocriptine alone improves about 50% of patients dur- 
ing the first year of treatment but there is a gradual loss 
of benefit thereafter, with only 10% responding at 5 
years; other dopamine agonists have similar effects. 
Selegiline delays the need for levodopa by a mean of 
8 months. One study found increased mortality 
in patients taking levodopa in combination with 
selegilne. 25 

Once levodopa is started it may be several years 
before response fluctuations develop. These are usually 
predictable initially, such as end of dose or "wearing 
off" effects. Strategies to ameliorate these problems 
include dose fractionation, long acting levodopa 
preparations (particularly helpful for nocturnal immo- 
bility), and addition of dopamine agonists, 25 Three new 
dopamine agonists are now available: ropinirole, 
cabergoline, and pramipexole. 27 " 29 It is not yet known 
whether these agents confer significant therapeutic 
advantages over bromocriptine and pergolide as add 
on therapy. Add on use of catechol-O- 
methyltransferase inhibitors (tolcapone, entacapone) 
may increase total "on" time by about 2 (Wo, 30 but tolca- 
pone has been withdrawn in the United Kingdom 
because of hepatotoxicity. 

Sudden unpredictable changes between periods of 
mobility ("on") with severe levodopa induced involun- 
tary movements (dyskinesias) and disabling parkinson- 
ism ("off"), the "on-off phenomenon", present a major 
management problem. Various strategies may be tried 
to minimise the severity of dyskinesias 31 — for example, 
adjusting the timing of levodopa intake, optimising 
levodopa absorption, and addition of other antiparkin- 
sonian agents such as dopamine agonists and amanta- 
dine thus permitting levodopa dose reduction. 
Increased use of the dopamine agonist apomorphine, 
given by subcutaneous injection or infusion, may 
rescue patients from severe sudden off periods, and 
improve overall mobility. 



Renewed interest has been shown in surgery for 
the symptoms of Parkinson's disease, levodopa 
induced dyskinesias, and disorders of movement such 
as tremor and dystonia through the use of stereotacti- 
cally placed lesions or chronic electrical stimulation 
with indwelling electrodes. 32 Thalamotomy or thalamic 
stimulation helps tremor and often rigidity but not aki- 
nesia. Unilateral pallidotomy (figure) significandy 
improves contralateral dyskinesias; bilateral palli- 
dotomy may, in addition, improve parkinsonian symp- 
toms but carries increased risks. 33 Bilateral subthalamic 
nucleus stimulation 34 or subthalamotomy has pro- 
duced dramatic improvements in parkinsonism, 
sufficient to allow large reductions in the levodopa 
dose and thus improvement in levodopa induced dys- 
kinesias. Appropriate patient selection is a key factor in 
its successful use, and it will be available only in a few 
specialist centres. 

Dementia 

The definition of a new variant of Creutzfeldt-Jakob 
disease" has attracted huge media attention, because it 
seems to be caused by the same strain of prion protein 
that causes bovine spongiform encephalopathy, and 
hence may have been transmitted to humans through 
contaminated food. However, this uniformly fatal con- 
dition remains extremely rare, with only 41 cases 
reported to date in the United Kingdom. 

For Alzheimer's disease, the commonest cause of 
dementia, two cholinesterase inhibitors, donepezil 
(Aricept) 36 and rivastigmine (Exelon), 37 are now 
licensed for the symptomatic treatment of mild to 
moderate cognitive impairment (minimental state 
examination score of 10-26). Trials suggest that in 
some patients these agents improve cognition, global 
function, and behavioural function, but there are as yet 
no data as to whether they delay deterioration or 
improve outcome. Currently it is recommended that 
these drugs are only commenced on the advice of a 
specialist Despite advances in understanding the 
pathological basis of Alzheimer's disease, centred 
around amyloid P peptides, this has not resulted in new 
treatments although many are in development 38 




Superimposed 3-dimensional positron emission tomogram and 
magnetic resonance image of patient with idiopathic Parkinson's 
disease showing hypermetabolism of pallidum(white area), target for 
unilateral stereotaxic pallidotomy 
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Dementia, rare disorders 

• Cholines terase inhibitors are of symptomatic benefit 
in about 20% of patients with mild to moderate 
Alzheimer's disease 

• Some peripheral neuropathies are treatable may 
show profound benefit with intravenous 
immunoglobulin treatment 

• Intravenous immunglobulin may be helpful in the 
acute treatment of Guillain-Barre" syndrome and 
myasthenia gravis 



Migraine 

Since the launch of sumatriptan, several triptans have 
become available for the treatment of acute migraine. 59 
They differ in pharmacodynamic properties such as 
time of onset and duration of actioa Direct comparisons 
have not been performed and it is not known whether 
the differences claimed will have significant impact on 
clinical practice. Preventive treatments include pizotifen 
and amitriptyline, but the strongest evidence of efficacy 
is available for P blockers and sodium valproate. 59 

Rare disorders 

The glutamate antagonist riluzole (Rilutek) remains 
the only licensed treatment for motor neurone disease. 
Risk of death or tracheostomy was lower with 100 mg 
riluzole than placebo in limb or bulbar onset disease, 40 
but it is debatable whether this translates into an 
improved quality of remaining life. 

Intravenous immunoglobulin has been used in 
many neurological disorders, 21 41 but its place remains 
to be defined; many of these applications are empirical 
and the long term effects of intravenous immu- 
noglobulin are unknown. Trials in acute idiopathic 
neuropathy (Guillain-Barre' syndrome) suggest that 
intravenous immunglobulin is equivalent to plasma 
exchange in reducing disability at 4 weeks, but that the 
combination of intravenous immunoglobulin and 
plasma exchange offers no significant additional 
advantage. 42 Likewise, in myasthenia gravis, intra- 
venous immunglobulin seems as efficacious as plasma 
exchange, 45 and it may also be useful in chronic inflam- 
matory demyelinating polyneuropathy in relapse. 44 

Conclusion 

In the past 5 years, new treatments have become avail- 
able for neurological disorders previously considered 
unbeatable (multiple sclerosis, Alzheimer's disease, 
motor neurone disease). Although the high cost of 
these treatments has sometimes led to antagonism 
between purchasers and doctors wanting to prescribe, 
these small, initial, therapeutic inroads have focused on 
the broader needs of patients with neurological disor- 
ders, engendering specialist clinics, specialist nurses, 
and fostering liaison with community services and 
patient interest groups. 
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When patients are managed at home, they or their car- 
ers have to operate medical equipment This case 
report highlights important educational and environ- 
mental health aspects of issuing hospital equipment 
for home use, a practice that is likely to become more 
common in the future. We describe a 9 year old boy 
who had neurological and renal complications after 
mercury spillage from a sphygmomanometer three 
months after it had been provided by the hospital for 
monitoring blood pressure at home. The family were 
unaware of the potential risks of mercury exposure 
before the patient became acutely ill. 

Case report 

A 9 year old boy presented to his local hospital with a 
three week history of abdominal pain, constipation, 
lethargy, limb pain, and unsteadiness. Physical exam- 
ination showed mild facial weakness, areflexia, ataxia, 
and impaired sensation and led to a provisional 
diagnosis of Guillaine-Barre' syndrome. The boy's con- 
stant restlessness was considered strange, but his 
mother described him as hyperactive and regarded this 
behaviour as normal. It was noted, however, that his 
handwriting and schoolwork had deteriorated over the 
preceding month. 

Features of encephalopathy accompanied by 
peripheral neuropathy led to a suspicion of heavy 
metal poisoning. No history of likely exposure to lead 
could be found; there was no lead piping or paint at 
home. Further inquiry revealed that the patient's 
sibling had undergone renal transplantation as a result 
of nephrotic syndrome, and the family had been 
provided with a mercury sphygmomanometer for 
home blood pressure monitoring. Three months 
before presentation, our patient had dismantled the 
sphygmomanometer in his bedroom— spilling mer- 
cury on his bed and carpet— and had played with it for 
a day or two before informing his mother. Attempts 



had been made to dispose of the mercury by vacuum- 
ing, and then by flushing it down the toilet 

The suspected diagnosis of mercury poisoning was 
confirmed by the finding of a serum mercury concen- 
tration of 1000 nmol/1 (normal reference value 
< 30 nmol/1). The boy was referred to a tertiary paedi- 
atric centre for further management By now he was 
unable to pick up objects or to feel them in his hand. 
Physical examination showed that he was ataxic and 
areflexic and was exhibiting intermittent aggression 
and a fluctuating level of consciousness. He was started 
on sodium-(2,3)-dimercaptopropane-( 1 )-sulphonate 
(DMPS), a chelating agent which binds mercury and 
allows it to be excreted via the kidneys. This is given by 
intravenous infusion in a reducing dose over four days 
and is followed by oral treatment until the patient's 
clinical condition and results of laboratory investiga- 
tions have improved. Our patient was treated for a total 
of 18 days; his serum mercury concentrations and uri- 
nary mercury excretion during treatment are shown in 
the table. 

Other family members were investigated and were 
also found to have raised serum mercury concentra- 
tions, but in none were these high enough to 
necessitate treatment Mercury was not detected in the 
patient's cerebrospinal fluid, but the protein concentra- 
tion was very high at 1.9 g/1. 

The boy developed hypertension. This was 
refractory to initial treatment and required an 

Serum mercury concentrations and urinary mercury excretion in 
patient with mercury poisoning 



Day 


Serum mercury 
(nmol/1) 


Urinary mercury excretion 
(nmol/mmol creatine) 


1 


500 


173 


4 


285 


650 


9 


256 


241 


21 


160 


223 


29 


63 


24 



366 
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Treatment of central nervous system inflammation with 
inhibitors of basement membrane degradation 

CHRISTOPHER R PARISH, ELIZABETH J HINDMARSH, MARK R BARTLETT, 
MARIA A STAYKOVA, WILLIAM B COWDEN & DAVID O WILLENBORG 

Currently available anti-inflammatory drugs for the treatment of multiple 
sclerosis (MS) and other inflammatory diseases are generally inadequate, 
with disease progression not being arrested by the treatments and 
undesirable side effects posing problems. In response to these 
deficiencies our laboratories have, over the past 10 years, been 
developing novel drugs that interfere with the entry of leucocytes into 
inflammatory sites by inhibiting their passage through the subendothelial 
basement membrane (BM). This review initially summarizes evidence 
supporting the hypothesis that the subendothelial BM is a major barrier to 
the accumulation of leucocytes in inflammatory sites. An important point 
that has emerged is that breaching of the BM is probably a cooperative 
process, involving activation- and cytokine-induced degradative enzymes 
contributed by leucocytes, endothelial cells and platelets. The review then 
discusses the properties of three separate classes of anti-inflammatory 
compounds we have developed, namely sulfated 
polysaccharides/oligosaccharides, phosphosugars, and castanospermine 
(CS), which inhibit the passage of leucocytes through BM. Each drug type 
appears to prevent BM degradation by a different mechanism. Sulfated 
polysaccharides/oligosaccharides mediate their anti-inflammatory effect by 
inhibiting the endoglycosidase, heparanase, which plays a key role in the 
solubilization of BM by invading leucocytes. In fact, our studies have 
highlighted the heparanase enzyme as a major target for future drug 
development. Phosphosugars probably inhibit inflammation by displacing 
lysosomal enzymes, which are involved in BM degradation, from cell 
surface mannose 6-phosphate receptors. This mechanism of expressing 
degradative enzymes on the cell surface is particularly evident with 
activated T lymphocytes. On the other hand, CS interferes with 
appropriate targeting of lysosomal enzymes involved in BM degradation. 
For reasons which are still unclear, CS specifically inhibits BM degradation 
by endothelial cells, which results in a characteristic perivascular arrest of 
leucocytes in inflammatory sites. Overall, our studies have established that 
inhibitors of subendothelial BM degradation represent viable anti- 
Inflammatory agents. It is hoped that future work will result In the 
development of a totally new class of highly effective, subtle and non-toxic 
anti-inflammatory drugs for the treatment of MS and other inflammatory 
diseases. 
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EXHIBIT K 



SECTION EDITOR: IRA SHOULSON, MD 



Disease-Modifying Drugs for Relapsing-Remitting 
Multiple Sclerosis and Future Directions 
for Multiple Sclerosis Therapeutics 

Richard A. Rudick, MD 



With the development of effective therapies for multiple sclerosis (MS), therapeu- 
tic nihilism, which was so prevalent just 10 years ago, has given way to exuber- 
ance and optimism. The current mood is understandable because MS is such a 
devastating disease. Within 10 years of symptom onset, 50% of patients with MS 
are unable to carry out household and employment responsibilities; within 15 to 20 years, 50% are 
unable to walk unassisted; and within 25 years, 50% are unable to walk at all. The average annual 
cost of MS in the United States has been estimated at greater than $6.8 billion, or $34 103 per per- 
son. 1 This review summarizes evidence that disease-modifying drugs can significantly improve the 
course of patients with relapsing-remitting MS (RRMS) and frames key issues relating to the use of 
current drugs. Major issues confronting experimental MS therapeutics are discussed. 

having moderate or severe relapses. 14 
Beneficial effects were maintained for 
patients who elected to remain in the 
blinded trial for up to 5 years. 15 There 
was a statistically nonsignificant trend 
(P = .16) suggesting that patients in the 
8-MIU dosage arm were less likely to 
experience a worsening by at least 1.0 
point from the baseline score on the 
Expanded Disability Status Scale 
(EDSS) 16 sustained for at least 3 months. 

Interferon beta- la therapy was tested 
in 301 patients who were given weekly in- 
tramuscular injections (6 MIU [30 ug]) or 
placebo for up to 2 years. 4 - 5 The primary 
outcome measure was the time to the on- 
set of sustained disability progression, 
which was defined as deterioration from 
baseline by at least 1 .0 point on the EDSS 
persisting for at least 6 months. Treat- 
ment with IFN-0-la resulted in a signifi- 
candy lower probability of sustained dis- 
ability progression, 5 and significantly fewer 
patients treated with IFN-0-la therapy be- 
came severely disabled, defined as at least 
6 months of sustained worsening to an 
EDSS score of 4.0 or 6.0. 17 Patients with 
an EDSS score of 6.0 require assistance to 
walk, and their disease course has usu- 
ally evolved into secondary progressive MS 
(SPMS). This finding suggests that IFN-0 
therapy can prevent or delay transition 



DRUGS FOR RRMS 

Recombinant interferon beta- lb (IFN-0- 
lb) (Betaseron; Berlex Laboratories Inc, 
Wayne, NJ), recombinant interferon 
beta-la (lFN-0-la) (Avonex; Biogen lnc, 
Cambridge, Mass), and glatiramer ac- 
etate (Copaxone; Teva Pharmaceutical In- 
dustries Ltd, Petah Tikva, Israel) have been 
approved by the US Food and Drug Ad- 
ministration for patients with RRMS 
(Table I ). These 3 drug therapies were 
tested in separate multicenter, placebo- 
controlled, double-masked clinical trials. 
Key elements of the studies leading to their 
regulatory approval are summarized in 
Table 2. 

Interferon beta-lb therapy was 
tested in 372 patients at a dosage of 8 
million IU (MIU) (250 ug) or 1.6 MIU 
(50 ug) by subcutaneous injection every 
other day for up to 5 years, compared 
with placebo. The primary outcome 
measure was the drug therapy effect on 
the relapse rate. Treatment with the 
higher dosage reduced the relapse rate by 
33%, increased the proportion of relapse- 
free patients from 16% to 31%, and 
reduced by 2-fold the number of patients 

From the Mellen Center jor Multiple Sclerosis Treatment and Research, Department of 
Neurology, Cleveland Clinic Foundation, Cleveland, Ohio. 
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Table 1 . Drugs for Relapsing-Remitting Multiple Sclerosis (MS) Approved by the US Food and Drug Administration* 

Drug 



IFN-ft-1a(Avonex, Rebif) 



IFN-p-ib(Betaseron) 



Glatiramer Acetate (Copaxone) 



Description 
Possible mechanisms 



Recombinant IFNrfr glycosylated, 
amino acid identical to native 
protein 

' Immunomodulatory; inhibits cell 
migration and cell-mediated 
inflammation; antiviral effects 



Recombinant IFN-p; nonglycosylated, 
serine for cysteine substitution 

I mmunompdulatdry; inhibits cell 
migration and cetl-mediated . 
inflammation; antiviral effects 



Random polymer of basic amino' acids 



Inhibits T-cell recognition of myelin 
antigens; induces myelin-reacuve 
regulatory cells 



*At the time of this review, IFN-£-1a (Rebif) was approved for use in Canada and Europe, and applications were pending in the United States and Australia 
(G. Francis, MD, oral communication, August 1998). Relapsing-remitting MS refers to the patient with discrete episodes of neurologic deterioration separated by 
periods of recovery and clinical stability 2 ; MS begins in this fashion in approximately 85% of patients. More than 50% of patients enter a stage of continuous 
neurologic deterioration, termed secondary progressive MS, commonly 10 to 20 years after the initial MS symptoms. Therapeutic options have advanced more 
rapidly for relapsing-remitting MS than for secondary progressive MS (reviewed by Rudick et al 3 ). IFN-& indicates interferon beta. 



Table 2 Phase 3 Controlled Clinical Trials in Patients With Relapsing-Remitting Multiple Sclerosis* 



IFN-p : 1a(Avonex) 



IFN-p-lb (Betaseron) 



: Glatiramer Acetate (Copaxone) • 



Trials 



No of patients ; 
0 Placebo V $ ... ; ', 
Active treatment 

, EDS&score rangef. : \ & • 
; Minimum irelapse/rate : jf>;^ 
(No. of patients) s. ' 
;Age;rarige; y V v ; ; s 



F^mary'oulcorhe^ 
Primary result yf K - * f 

Adverse events^ >s -' 



•NAB) 



Multiple Sclerosis -Cpllabprative ; 
Research Group 4 .* 5 



•158-V ^ ^ 

1.0-3:5:. .. 

0.67 (2 in 3 y): • .s>\ ; : / : 

16*4.^ f^' lSc 
v eMllil^30pgj;IM^wee^ /4 >. 

Sustained disability 

37% iReduction in "disability : ^ { , 

progression 
i:Wuiike;s7mpioms i{tii^ &3imoj ; 



Phase'3 study: 14% . NAB after 
: {.1 Z mo,^%;after 24 mo 
(Jacobs el ^aP)' v > 



-0 



Open-label stuoy: 7% NAB after: • 
• 12-18 md; decreased in vivo 

; . response" to injections , 
.W. (Rudick etai^r *' 



•>JJ^.JFNB Multiple Sclerosis i Study Group; • 
tf ;^ and University of British Columbia : 
,;- : i MS/MRI Analysis Group 6 * Y 

-'^:>lbV-'';<;.^ ;; :. ;>:•• — .Y-; 4° 

124(8 MIU) •< ^ 

:1/:ta:5Y-Y^^^ y- : ■•' 

* Y- 1-0 (2 in 2 y) - ^ . . - ' . , ' - 

: %B5Q Y'V; . /:^B : ^^1M^ 

: 8;"MlU (250;ug):or 1 6 MIU (50 ug) 
: : d ; SCQODy • ; . * 



33% .Reduction in relapse irate 
^ :(8 Miy [^O pg] ys;pjacebo)4 
Hulikes^plo^ ' 
skin reactions (occasionally : . 
. Severe) : ; ; : |y;y^Y ' Y'| 

Phase 3 study: 38% NAB after 2A K 
'0 imb; decreased c^ic^ efficacy^ 
(IF^B:Mu1bjile Sclerosis Study 
. Group.;and;Unwere 
' Columbia MS/MRI Analysis 

Group"f r ; j \ 
OpenTlabel 'study: 35%^NAB after 
: - Y 12-18;hjp tRudick;elal^r ^ : 



Copolymer 1 Multiple Sclerosis 
Study Group 910 



126, 

10<2in2y) ^ , 
/1 8-45 

20:mg^Siyffi . Y" : • v 

.Y''"- -'YYYY' • I 'J-' : ■ ■■ Y 

•Relapse rate Y 

•:29% Reduc^bnilrifeto^':^ 

;:,Miid sldri factions; .fare ^- , . 
/ 5^ten^ reachbn>v^^ 

flushing, sweating, and 
, upal^i^iohs : : ■ 

- 1 00% Binning antibodies; no 
• k^pwh metnod to determine 
, : ::.s^nrfijc^w : of&^ ; 
'•. J; afrtibbdies^ 1 > : ; 



*A multicenter phase 3 placebo-controlled trial oflFN-$-1a (Rebif) was recently completed. 13 The study randomized 560 patients to placebo, 6-MIU (22-pg) 
dosage oflFN-$-1a, or 12-MIU (44-pg) dosage oflFN-&-1a administered 3 times weekly subcutaneously (SC). There was a 37% reduction in the relapse number 
after 1 year and a 33% reduction after 2 years at the higher dosage compared with placebo. There were significant beneficial effects on magnetic resonance 
imaging (MRI) parameters in both dosage arms compared with placebo, and the MRI benefits were greater in the high-dosage compared with the low-dosage 
group. IFN-& indicates interferon beta; MS, multiple sclerosis; IM, intramuscularly; QOD, every other day, QD, every day; EDSS, Expanded Disability Status Scale; 
and NAB, neutralizing antibodies. 

iScale, 0-10 



from RRMS to SPMS in some patients. Treatment with 
IFN-p-la significantly reduced the relapse rate by 32% 
in the cohort of patients treated for 2 years and by 18% 
in all patients regardless of the time of participation in 
the study. 5 

Both forms of 1FN-P therapy had beneficial effects 
on the disease process as measured by cranial magnetic 
resonance imaging (MRI) scans. Interferon beta- lb 



therapy resulted in significantly fewer new or enlarging 
T r weighted lesions in 52 patients who underwent MRI 
scan at 1 of the clinical sites every 6 weeks, and IFN- 
3- lb therapy resulted in significantly less annual accu- 
mulation of T 2 -weighted lesions in the entire study group. 6 
In a separate study, IFN-fS-lb therapy reduced the fre- 
quency of brain lesions that were enhanced on MRI with 
gadolinium. 18 In the phase 3 trial, IFN-0-la therapy sig- 
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nificantly reduced the number of gadolinium-enhanced 
MRI brain lesions after 1 and 2 years of treatment and 
decreased the number of new and enlarging T 2 - 
weighted lesions after 1 and 2 years. 19 These studies in- 
dicate that IFN-P therapy inhibits new brain lesion for- 
mation. The prominent effect on gadolinium-enhanced 
MRI lesions suggests that IFN-P therapy reduces brain 
inflammation. This conclusion was supported by the find- 
ing that IFN-p- la therapy lessened cerebrospinal fluid 
pleocytosis. 20 

Both IFN-P preparations cause transient flulike 
symptoms. Headache, myalgia, fever, malaise, and occa- 
sionally increased MS symptoms commonly last 24 to 48 
hours after each injection; the severity of these symp- 
toms typically lessens after 6 to 1 2 weeks of therapy. In- 
terferon beta- lb therapy causes redness and swelling at 
the injection site and skin necrosis in 5% of patients. In 
the phase 3 clinical trials, neutralizing antibodies to IFN- 
P-lb were observed in 38% of patients 11 and antibodies 
to IFN-P-la in 22% of patients after 2 years of treat- 
ment. 5 The presence of neutralizing activity in the IFN- 
p-lb study was associated with reduced clinical and MRI 
efficacy. In an open-label study, a single biological assay 
was used to determine titers of neutralizing antibodies 
in patients treated clinically with IFN-P-lb or IFN-0- 
la. 12 After 12 to 18 months of treatment, neutralizing an- 
tibodies were observed in 35% of the patients treated with 
IFN-P-lb and 7% of patients treated with IFN-p-la, sug- 
gesting that IFN-p-1 b therapy is more immunogenic. This 
may be because of known molecular differences be- 
tween the preparations. Additionally, the dosage, route, 
or timing of administration may affect immunogenicity. 
The presence of neutralizing antibodies in the open- 
label study was associated with significantly blunted in 
vivo induction of (^-microglobulin and neopterin fol- 
lowing IFN-P-la injections. 12 This indicates that pa- 
tients receiving IFN-P preparations who develop neu- 
tralizing antibodies have significantly blunted in vivo 
biological responses to IFN-p injections at the time they 
are antibody-positive. 

Interferon P induces the expression of many genes, 
so the mechanisms of action in MS are probably com- 
plex. 21 Putative mechanisms include (1) inhibition of au- 
toreactive T cells 22 ; (2) inhibition of major histocompat- 
ibility complex class U expression, 23 with reduced antigen 
presentation within the central nervous system; (3) in- 
hibition of metalloprotineases 24 - 23 or altered expression 
of cell-associated adhesion molecules, 26 leading to re- 
duced cellular migration into the central nervous sys- 
tem; and (4) induction of immunosuppressive cyto- 
kines 27 and inhibition of proinflammatory cytokines, 28 
leading to resolution of the inflammatory process. 

Glatiramer acetate (Copaxone) is a polypeptide con- 
sisting of a random arrangement of 4 basic amino acids. 
The drug is thought to mimic myelin basic protein and 
is postulated to induce myelin-specific suppressor T cells 
and to inhibit myelin-specific effector T cells. 9 Glat- 
iramer acetate therapy was tested in 251 patients who were 
given daily subcutaneous injections (20 mg or pla- 
cebo) 9 for 2 years. The primary outcome measure was 
the effect of the drug on the relapse rate. In the original 
2-year study, glatiramer therapy reduced the relapse rate 



by 29%. At the end of 2 years of therapy, patients were 
offered entry to an extension study that was continued 
in a double-masked manner for about 1 year. A large ma- 
jority of patients continued in the extension study, and 
the beneficial effect on the relapse rate was main- 
tained. 10 No significant effect was observed on sus- 
tained changes in EDSS scores, either in the original study 
or the extension study. Glatiramer therapy was well tol- 
erated by the patients. Mild swelling and redness oc- 
curred at each injection site and 15% of the patients ex- 
perienced brief episodes of flushing, chest tightness, 
palpitations, dyspnea, and anxiety. 

Magnetic resonance imaging scans were not in- 
cluded as part of the glatiramer phase 3 study, but 27 cases 
had serial MRI scans at 1 of the sites. 29 There was a trend 
toward reduced gadolinium-enhanced MRI lesions for pa- 
tients receiving glatiramer therapy, but no statistically 
significant benefits were noted on any MRI parameter 
0- A. Cohen, MD, oral communication, October 1998). 
A similar trend toward reduced gadolinium-enhanced MRI 
lesions was found in a small study of 10 patients receiv- 
ing glatiramer therapy. 30 A placebo-controlled study was 
recendy completed and demonstrated a significant 30% 
reduction in new MRI lesions with glatiramer (Copax- 
one) therapy (G. Comi, MD, oral communication, April 
1999). 

CONTEMPORARY ISSUES ABOUT 
APPROVED MS DRUGS 

Which of the Available Drugs Is Most Efficacious? 

The phase 3 studies convincingly demonstrated that each 
drug is partially effective, but precise comparisons are 
problematic. The studies were done by different inves- 
tigator groups using separate primary outcome mea- 
sures in separate patient populations. Traditional clini- 
cal outcome measures, such as relapse rate and EDSS 
scores, are imprecise and not adequately standardized to 
allow direct comparisons among studies. Therefore, ef- 
ficacy comparisons are based on expert opinions rather 
than definitive comparison studies. Neurologists who rec- 
ommend IFN-P therapy as the first-line drug therapy ar- 
gue that the overall weight of evidence favors IFN-p over 
glatiramer therapy. Three separate study groups inde- 
pendently demonstrated the efficacy of IFN-P therapy in 
large, well-controlled, double-blind clinical trials, while 
a single phase 3 study evaluated glatiramer therapy. Fur- 
thermore, IFN-p therapy has been shown to favorably 
affect disease parameters visualized by MRI and has been 
shown to decrease cerebrospinal fluid cellularity. Data 
on the effects of glatiramer therapy on biological corre- 
lates of the MS disease process are currendy limited. Pro- 
ponents of IFN-P-lb therapy argue that (1) demon- 
strated beneficial effect on T 2 -weighted lesion accrual after 
2 years was greater with IFN-p- lb therapy than with IFN- 
P-la therapy; (2) IFN-p- lb therapy is given at a higher 
weekly dosage, which may be better; and (3) IFN-P-lb 
therapy was associated with a larger reduction in the re- 
lapse rate than was IFN-P-la therapy. Proponents of IFN- 
P-la therapy argue that (1) results showed reduced dis- 
ability progression that was not evident in the IFN-P-lb 
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therapy study; (2) injection site reactions that are com- 
monly caused by IFN-p-lb therapy are not observed with 
IFN-p-la therapy; (3) IFN-P-la therapy is less immuno- 
genic than IFN-fS-lb therapy, resulting in greater biologi- 
cal response over time; and (4) patients prefer the weekly 
dosage schedule and favorable side-effect profile of IFN- 
P-la therapy. Proponents of glatiramer therapy argue that 

(1) the drug is better tolerated than IFN-P preparations and 

(2) glatiramer therapy circumvents the problem of IFN- 
p-neutralizing antibodies observed in a proportion of IFN-p 
therapy recipients who take either preparation. Since there 
are no studies comparing the efficacy of the available drugs 
within a single study, the question of relative efficacy is con- 
sidered unresolved. 

When Should Therapy Be Initiated, 
and What Is the Optimal Duration of Therapy? 

There is a growing consensus that disease-modifying therapy 
should be initiated early in the course of MS before irre- 
versible disability has occurred. The rationale for early 
therapy includes (1) concerns that the immunologic pro- 
cess leading to tissue injury becomes more complex as time 
passes and may be more difficult to control with immu- 
nosuppressive therapy, 3132 (2) increasing awareness that 
the inflammatory process is active in many patients with 
RRMS during periods of clinical remission, 33 ' 35 and (3) con- 
cern that the inflammatory process results in irreversible 
axonal injury 36 that accumulates over time during the re- 
lapsing-remitting stage of MS. These considerations im- 
ply that disease-modifying therapy should be started when 
MS is definitively diagnosed because the patient is at risk 
for subsequent disability progression. Trials of IFN-P-la 
therapy beginning with the first MS symptom are under 
way and may help to clarify this issue. 

Identifying patients at higher risk for progressive MS 
for early therapy is an alternative to treating all patients at 
the time of diagnosis. Unfortunately, clinical features are 
only weak predictors of subsequent disease severity, and 
their value for assigning prognosis to individual patients 
is limited. Disease severity as measured by cranial MRI scans 
at the time of onset of first symptoms has been shown to 
predict MRI and clinical disease progression. 37 This im- 
plies that patients with minimal disease detected by MRI 
scans could be evaluated with follow-up MRI scans to de- 
termine the need for disease-modifying therapy. Identify- 
ing prognostic factors early in the course of MS is an im- 
portant goal of future MS research. 

The optimal duration of therapy for MS has not been 
deterniined. For patients doing well, therapy should be con- 
tinued, since a study of IFN-alfa-2a therapy showed in- 
creased disease activity when therapy was discontinued 
after 6 months. 38 Studies are needed in which patients are 
randomly assigned to continue or stop therapy and then 
are carefully evaluated under double-masked conditions. 

Different disease-modifying therapies should be con- 
sidered for patients whose condition is deteriorating, 39 
particularly patients receiving IFN-P therapy with neu- 
tralizing antibodies that persist. Standardized methods 
for evaluating patients receiving disease therapy are 
needed, including definitions for those patients who do 
not respond to treatment. 



Should a Patient Receiving One of the Current Drug 
Therapies Be Evaluated With Periodic MRI Scans? 

The poor relationship between clinical relapses and the 
severity of brain inflammation implies that more accu- 
rate and sensitive markers of the pathologic process in 
RRMS will be required. Periodic cranial MRI scans may 
be useful in estimating MS disease activity and progres- 
sion in some patients, to determine the need for disease- 
modifying therapy in patients with clinically benign dis- 
ease, and to evaluate the response to disease-modifying 
therapy. Studies are needed to precisely define the meth- 
ods and frequency for using MRI to monitor patients re- 
ceiving disease-monitoring therapy. 

Should Patients Receiving IFN-P Therapy Routinely 
Have Tests for Neutralizing Antibodies? 

Patients who continue to have clinical disease activity de- 
spite IFN-p therapy should have their serum levels tested 
for neutralizing antibodies. 40 If the assay is negative, IFN-p 
therapy could be continued and the addition of other medi- 
cations, such as azathioprine or methylprednisolone, could 
be considered. There is controversy about whether pa- 
tients receiving IFN-P therapy who are doing well should 
be routinely tested for neutralizing antibodies. Advocates 
argue that high levels of neutralizing antibodies block in 
vivo IFN-p biological responses and that it is not possible 
to rule out ongoing brain inflammation based only on the 
clinical symptoms. Further studies on the use of neutral- 
izing antibody tests in clinical practice are needed. 

Should Patients With SPMS 
Be Treated With Available Drugs? 

A multicenter, placebo-controlled study of IFN-P- lb was 
completed in Europe recendy. The study found a signifi- 
candy longer time to sustained worsening in EDSS scores, 
reduced relapse frequency, and beneficial effects ob- 
served by serial MRI scans in patients who received IFN- 
P-lb therapy). 41 Separate studies of IFN-P-lb and IFN- 
P-la therapy are ongoing in populations of patients with 
SPMS. In the near future, there will be a great deal of data 
on which to judge the magnitude of clinical benefit of IFN-p 
treatment in patients with SPMS. 

What Are the Long-term Benefits and Risks of 
Current MS Drug Therapies, and Do the Long-term 
Benefits Justify the Cost of the Drugs? 

Long-term benefits of the current drug therapies can only 
be surmised from existing studies because clinical trials 
run 3 to 5 years, while the disease course of MS unfolds 
over decades. Clinical trials provide information on only 
a limited part of the overall disease course. Lengthy pla- 
cebo-controlled studies are impractical because pa- 
tients whose condition is deteriorating withdraw from 
them, making the studies less informative. Lengthy open- 
label studies do not provide definitive evidence about the 
efficacy of MS treatment, since patients who are doing 
well elect to continue receiving drug therapy, while pa- 
tients whose condition is deteriorating stop drug therapy 
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to try something else. This results in observer bias fa- 
voring long-term efficacy. 

Despite their limitations, the studies suggest that avail- 
able disease therapies are likely to have a beneficial effect 
on long-term disability, and this might translate into cost- 
effective treatment The current cost of the drugs is $8000 
to $10 000 per patient annually, which represents approxi- 
mately 25% of the estimated per-patient annual cost at- 
tributed to MS. 1 Long-term cost-benefit analyses are needed 

THE FUTURE OF CONTROLLED CLINICAL 
TRIALS FOR MS THERAPY 

Are Placebo-Controlled Trials Justified? 

Placebo-controlled trials for RRMS therapy are now im- 
practical in regions of the world where effective disease- 
modifying agents are readily available. Furthermore, pla- 
cebo-controlled trials for RRMS therapy are ethically 
questionable because of convincing evidence for meaning- 
ful, albeit partial, therapeutic benefits. The role of placebo- 
controlled trials is less clear in patients with SPMS, and this 
issue can be expected to change, as it has for patients with 
RRMS, with the emergence of effective therapies. A pub- 
lished study demonstrated statistically significant but clini- 
cally modest benefits of low-dose oral methotrexate therapy 
for patients with chronic progressive MS, 42 and recently 
completed studies have demonstrated the efficacy of 
IFN-P-lb therapy and mitoxantrone therapy for patients 
with SPMS. As results from these and other studies are pub- 
lished, placebo-controlled studies for patients with SPMS 
will become less practical and more ethically question- 
able. Since no therapy has demonstrated any benefit for pri- 
mary progressive MS, placebo-controlled studies for this 
disease category are well justified. 

Can We Improve Clinical Outcome 
Measures for Future Trials? 

An international consensus conference on MS outcome 
measures pointed out limitations of traditional scales for 
MS clinical trials and indicated the need for new assess- 
ment systems that are multidimensional, quantitative, and 
include evaluation of cognition. 43 Based on the report from 
this conference, the National Multiple Sclerosis Society 
appointed a task force to recommend improved clinical 
outcome measures. The task force recommended func- 
tional composites consisting of simple quantitative tests 
of neurologic function. 44 - 45 A 3-part composite that was 
recommended 46 is currently being tested as an outcome 
measure in therapeutic trials. It remains to be seen whether 
quantitative functional composites will prove to be ad- 
vantageous compared with traditional measures, such as 
the relapse rate and the EDSS score. 

What Is the Relative Role of MRI Compared 
With Clinical Measures in MS Therapy Trials? 

The relationship between MRI abnormalities and clini- 
cal disease activity in patients with RRMS is weak. The 
rate of detection of new gadolinium-enhanced MRI brain 
lesions is 5 to 10 times higher than the rate of clinical 



relapses, 33,35 indicating that most new MRI lesions are clini- 
cally silent. Similarly, the relationship between the vol- 
ume of hyperintense T 2 -weighted lesions and the EDSS 
score is also weak. 23 However, it has been demonstrated 
that patients with RRMS have measurable amounts of on- 
going cerebral atrophy, 47 which is also poorly reflected 
in traditional clinical measures. These findings raise the 
possibility that in the relapsing-remitting stage of MS, the 
disease process is subclinical to a substantial degree. The 
principal concern in this regard is that disability progres- 
sion occurs only after a threshold of irreversible tissue in- 
jury has been surpassed. 36 * 48 This concept provides a 
rationale for using MRI measures as outcomes in clinical 
trials, particularly for patients with RRMS, in whom the neu- 
rologic outcomes are imprecise and insensitive to the un- 
derlying pathology. Studies are needed to validate tradi- 
tional and newer MRI markers, such as brain and spinal 
cord atrophy, as primary outcome measures. 

Can We Design Methods to Reliably 
Test MS Drug Therapies in Combination? 

With the advent of partially effective therapies, active arm 
comparison studies will be needed to make further progress 
in the field of MS drug therapy. To date, however, no stud- 
ies have been reported in which drug therapies were tested 
in combination. Designs for such studies must be devel- 
oped, and increasingly sensitive and precise outcome mea- 
sures will be required to achieve practical sample sizes. 

Can Therapeutic Interventions Be Rationally 
Designed to Target Specific Pathogenic Mechanisms? 

Most completed and ongoing clinical trials are based on 
the concept that MS is caused by autoreactive T cells that 
initiate injury to myelin in the central nervous system. In- 
terventions range from highly specific inhibition of the tri- 
molecular complex to more global forms of immunosup- 
pression. However, recent histopathologic studies 49 suggest 
that the pathologic characteristics vary significantly among 
individual patients, raising the possibility that therapy may 
need to be individualized. Additionally, data indicate that 
axons and myelin are targets of the pathologic process, pro- 
viding a rationale for neuroprotective or neurotrophic fac- 
tors in future clinical trials. Ultimately, improved under- 
standing of pathogenic mechanisms will be needed for 
selecting rational interventions. 
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Parkinson's disease 

* GE^Marsden. 



The recent history of Parkinson's disease has been marked 
by momentous discoveries. Before the 1960s, the clinical 
features and basic neuropathology of the disorder had been 
established, anticholinergic drugs and stereotaxic surgery 
were popular, but the illness progressed relentlessly and was 
a cause of miserable disability. 1 The only clues to the cause of 
Parkinson's disease were its increasing incidence with age, 
the selective changes involving pigmented brainstem 
neurons (especially those in substantia nigra pars compacta), 
and the epidemic of encephalitis lethargica which was 
followed by post-encephalitic parkinsonism. 

The discovery of selective striatal dopamine deficiency in 
the parkinsonian brain in the early 1960s 2 - 5 changed 
everything. The introduction of antipsychotic drugs to 
control schizophrenia in the 1 950s had led to the appearance 
of drug-induced parkinsonism. How did agents such as 
reserpine and the phenothiazines produce an akinetic-rigid 
syndrome indistinguishable from idiopathic Parkinson's 
disease? Reserpine was found to deplete the brain of 
monoamines, including noradrenaline, serotonin, and the 
newly discovered dopamine. Dopamine was found to be 
concentrated within the basal ganglia, particularly in the 
striatum (putamcn and caudate nucleus), and the 
dopaminergic nigrostriatai pathway was identified After the 
remarkable finding mat striatal dopamine content was 
reduced by 80% or more in the brains of people with 
Parkinson's disease because of destruction of the pigmented 
nigral neurons,* 1 the disease was treated with levodopa to 
restore Striatal dopamine levels, but initial attempts with 
small intravenous doses gave inconsistent responses. 



In the late 1960s and early 1970s high dose oral levodopa 
therapy was established as the most effective therapy ever 
found for Parkinson's disease.*- 7 In particular, the most 
disabling symptoms of the illness, akinesia and bradykinesia, 
which had shown little improvement with anticholinergics 
and stereotaxic surgery, responded very well to levodopa. 
Seriously disabled parkinsonian patients, previously chair- 
bound or bed-bound by their illness, became mobile with 
this drug; most patients responded, irrespective of their 
disability. Parkinson's disease became the first 
neurodegenerative disease to be treated effectively by 
neurotransmitter replacement therapy. 

However, there were drawbacks to the introduction of 
levodopa. Many patients had nausea and vomiting due to 
dopaminergic stimulation of the vomiting centres via the 
area postrema, which lies outside the blood-brain barrier. 
This difficulty was overcome in most patients by the 
introduction of selective extracerebral decarboxylase 
inhibitors, such as carbidopa in •Sinemet', and benserazidc 
in 'Madopar'. The next advance was the design of synthetic 
directly acting dopamine agonists, such as bromocriptine, 
lisuride, or pergolide, to stimulate cerebral dopamine 
receptors, followed by agents designed to enhance and 
prolong the duration of action of dopamine in the brain by 
inhibition of its major catabolic enzyme monoamine oxidase 
B— eg, selegiline hydrochloride (deprenyl). 

ADDRESS: University Department of Clinical Neurology. The 
National Hospital for Nervous Diseases. Queen Square. London 
WC1 N 3BG. UK (Prof C. D. Marsdea FRS). 
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The large range of driigs available was believed to be 
palliative, mostly by restoring striatal dopamine levels or 
acavity; none was thought to protect against the bask cause 
of Parkinson's disease, which was unknown. Additionally, 
w « ° bvious difficulties with long-term levodopa 
therapy. 6 *' Many patients had unwanted side-effects of the 
and t there : were fluctuations in response. In the late 
1970s and 1980s, many strategies were devised to try to 
prevent or overcome these long-term problems, particularly 
the early use of directly acting dopamine agonists, and 
restricting and delaying levodopa therapy to reduce the risk 
of getting dyskinesias and fluctuations. To smooth out and 
prevent fluctuations, longer acting forms of levodopa have 
been introduced ('Madopar CR' and 'Sinemet CR>), and 
patients with severe fluctuations can be stabilised by 
continuous administration of levodopa, PHNO f( + V 
4-propyl-9-hydroxynaphthoxa2ine], lisuride, or apo- 
T^r 3 Overoomin g *ese severe fluctuations has 
also been the stimulus to the development of brain grafting 
techniques to replace striatal dopaminergic delivery. 14 ^ 

In the 1980s there were two important new pieces of 
mformanon which gave insight into the cause of Parkinson's 
disease. The first was the realisation that inheritance, in its 
simplest sense, was not a major factor in the aetiology of the 
disease. It had been assumed that genetic factors were 
important because at least 10-15% of cases had relatives 
similarly affected. However, monozygotic twins, when one 
had Parkinson's disease, were no more likely to share the 
illness than were dizygotic twins." These data suggest that 
simple mendekan genetic factors do not have a major role, 
although more complex genetics may be involved and are a 
locus of increasing attention. 

What about the environment? In 1983, l-methyl-4- 
pnenyl- 1 ^>3 3 6>tetrahydropyridine (MPTP) was identified 
as a human neurotoxin that could selectively destroy the 
substantia nigra, induce neuropathologies and 
neurochemical changes very like those of Parkinson's 
disease, and cause a clinical illness similar to Parkinson's 
disease itself." MPTP itself is not the active neurotoxin; it 
must be converted via MPDP by monoamine oxidase B, 
perhaps in glia, into 1 -methyl-4-phenylpyridine (MPP * ) 18 
MPDP is a substrate for the dopamine neuronal reuptake 
system, which normally inactivates dopamine released into 
the synaptic deft at nigrostriatal terminals. 19 MPP 4 is thus 
concentrated into dopaminergic neurons where it binds to 
neuromelarun 20 -^ byproduct of dopamine synthesis found 
in nigral nerve cells, particularly in primates and in greatest 
co I n< f n ^ tlon « man. How does MPP + kill those nerve 
cells? Two complimentary mechanisms have been 
prised. MPP- is taken up and concentrated in 
nmochorKiria, where it poisons NADH-Iinked components . 
of complex I of mitochondrial energy metabolism * leading 
to depletion of ATP and alterations in cellular calcium 
content. MPP+ synthesis from MPTP also may induce the 
formation of free radical species, imposing oxidative stress 
r3?»? )nS ? ,UCnt Upid membra *e peroxidation. 23 Perhaps 
MPP poisons mitochondrial complex I activity as a result 
at tree radical damage. Alternatively, dopamine catabolism 
by monoamine oxidase B generates hydrogen peroxide, and 
thus imposes oxidative stress on nigral neurons, 23 which are 
usually protected by various enzymes (eg, superoxide 
cUsmutasc, catalase) and free radical scavengers (eg, reduced 
glutathione, vitamins E and Q; with normal ageing these 
mechanisms may be insufficient, so that doparninergic 
nigral neurons may have a tendency to self-destruct. 



^ These observations have led to various hypotheses about 
me cause of Parkinson's disease; the simplest is that the 
illness ts due to prolonged exposure to an MPTP-like 
neurotoxin in the environment However, no such 
substance has yet been identified* An alternative 
explanation is that there might have been toxic exposure 
early in life, even in utero, that caused subclinical nigral 
damage. The additive effects of normal nigral ageing might 
then cause a large enough additional nigral depletion to 
cause Parkinson's disease in later life," Another theory is 
that the damaging agent may be a factor that can provoke 
extensive free radical formation in the substantia nigra. 
I&cess iron, which has been found in the substantia nigra in 
the brains of people with Parkinson's disease, 2 * may not be 
adequately bound in an inactive form, since the 
concentration of the major iron binding protein, ferritin, is 
reduced in the parkinsonian brain. 

Attempts to slow the rate of disease progression has 
centred on treatment with deprenyl, with the aim to prevent 
free radical generation from dopamine metabolism and 
production of MPP + -like compounds. 27 

Current understanding 

Diagnosis of Parkinson's disease 

The gold standard for Parkinson's disease is the 
pathological finding of a specific degeneration of nigral and 
other pigmented brainstem nuclei, with a characteristic 
inclusion, the Lewy body, in rernaining nerve cells. 38 Most 
patients with a primary akinetic-rigid syndrome, usually 
with tremor, have this pathology of idiopathic Parkinson's 
disease at necropsy. However, about 10-15% of brains 
examined in the Parkinson's Disease Society Brain Bank 
have other conditions--namely, in descending order of 
rrequency , multiple system atrophy (which encompasses the 
combined changes of strionigral, olivopontocerebellar, and 
mtermediolateral column degeneration), Steele- 
^c^dson-Olzewski disease, and coticobasal degeneration, 
ine following features, though not specific, are the best 
predictors of Lewy body Parkinson's disease: a unilateral 
onset, classic rest tremor, and a pronounced response to 
levodopa therapy. An alternative diagnosis is based on the 
absence of rest tremor, no response to levodopa, early falls 
or dementia, prominent autonomic symptoms, and 
abnormalities of eye movement, cerebellar ataxia, or 
pyramidal signs. About 10-15% of groups of patients with 
Parkinson s disease diagnosed in life fail to respond to 
levoctopa, and may have parkinsonism-plus syndromes, 
which are less responsive to treatment and have a poorer 
prognosis. 



New epidemiological data 

Previous estimates based on hospital referrals, which 
suggested that the incidence and prevalence of Parkinson's 
disease were similar in different communities, are 
imrehable. Apart from the issue of misdiagnosis, there may 
well be many undiagnosed patients in the community whose 
symptoms are dismissed as "old age". As many as 40% of 
cases may not reach hospital services. However, recent 
community-based surveys suggest that for unknown 
reasons the prevalence of Parkinson's disease may be lower 
in some countries than in others, notably China and Africa 
compared with Europe and North America. 24 

AJthough such epidemiological data are eagerly scanned 
m the search for environmental toxins, there are few 
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substantial leads. There are no obvious clusters of 
Parkinson's disease and the incidence of the disease has not 
changed much over the past 30 years, at least in middle 
America. A higher incidence of previous head injury and a 
lower prevalence of smoking has been found in some, but 
not all, surveys. However, these epidemiological methods 
may not be powerful enough to detect a multifactorial 
aetiology. The hypothesis that there may be an 
environmental insult many years before the clinical onset of 
the disease is not supported by observations on twins or 
spouses. 16 Since the prevalence of Parkinson's disease 
amongst monozygotic and dizygotic twins is similar to that 
in the rest of the population, exposure to an environmental 
agent in childhood or adolescence seems unlikely. Likewise, 
the occurrence of conjugal Parkinson's disease is remarkably 
low, even in marriages lasting many decades, so that 
environmental exposure in early or middle life seems 
improbable. 

A more complex theory is that the development of 
Parkinson's disease may be due to a combination of 
exposure to an environmental toxin with an inherited 
inability to adequately dispose of such a toxin. Subtle 
differences in the activity of drug metabolising enzymes 
have been claimed in Parkinson's disease, and may be 
relevant. 

Preclinical Parkinsons disease 

The observation that Lewy bodies are also found in about 
10% of brains from elderly controls who during life did not 
have the disease 29 could be taken as evidence against the 
specificity of the Lewy body for Parkinson's disease; the 
Lewy body could merely be an intraneuronal inclusion 
produced by a certain type of cell death, whatever the cause. 
By contrast, much indirect evidence has accumulated to 
support the notion that incidental Lewy bodies may be a 
marker of preclinical Parkinson's disease. Firstly, 
substantial loss of nigral neurons (50% or more) and striatal 
dopamine depletion (80% or more) in people dying with 
overt parkinsonism 2 * point to a long period (perhaps 30 
years or more) of nigral degeneration before the appearance 
of clinical symptoms. Secondly, in people with incidental 
Lewy bodies, there is histological evidence of nigral 
- neuronal degeneration and cell loss in the same part of the 
substantia nigra affected as in those with clinically evident 
disease. 29 Finally, the incidence of incidental Lewy bodies 
increases with age parallel with that of clinical Parkinson's 
disease: 29 for every patient with overt Parkinson's disease, 
there are about 10 with incidental Lewy body disease. 

This evidence, though not conclusive, suggests that there 
may be a large cohort of normal middle-aged and elderly 
individuals, who have preclinical Parkinson's disease, and 
who, if they live long enough, may get the disease in later life. 
The challenge, therefore, will be to develop simple methods 
to identify people with preclinical Parkinson's disease so that 
treatment could be given before the illness becomes evident 

New neuropathologies and neurochemical clues to the 
cause of Parkinson's disease 

Why arc pigmented brainstem nuclei especially 
vulnerable? Neuromelanin is believed to be a derivative of 
catecholamine metabolism — eg, from dopamine in 
substantia nigra and noradrenaline in locus coeruleus — but 
degeneration in Parkinson's disease is not confined to 
catecholamine neurons. Thus, the cholinergic neurons in 



the substantia innominata are also affected regularly, and 
their loss may contribute to the cognitive changes and 
dementia seen in some patients. Likewise, histological 
studies with antibodies to ubiquitin (which helps to remove 
damaged proteins) indicate that the cortical changes are 
much more widespread than was formerly thought. Even 
within the substantia nigra compacts, which is the main 
focus of parkinsonian changes, neuronal cell loss is selective. 
The abnormalities in nigra begin in, and are greatest 
throughout, the ventrolateral region that projects to the 
putamen. The reasons why medial tegmental pigmented 
neurons, projecting to caudate, are relatively spared is 
uncertain. 

The Lewy body may also provide clues: it contains 
phosphorylated neurofilaments, ubiquitin, phospholipids, 
and other cytoskeletal components. Lewy bodies differ in 
structure and content from other neuronal inclusions seen in 
neurodegenerative diseases such as neurofibrillary tangles of 
Alzheimer's disease or Pick bodies. 

Histological studies indicate that cell destruction and 
degeneration continue throughout the course of the 
disease. 2 * 29 Neurochemical findings accord with these 
observations. Studies that have taken due care to control for 
postmortem artifacts have shown various relevant 
abnormalities in parkinsonian substantia nigra. 

Oxidative stress generating free radicals finally damages 
cells by inducing peroxidation of lipids. There is evidence of 
increased and continuing lipid peroxidation in the 
parkinsonian nigra at the time of death. 30 This may be due to 
excessive production of free radicals, stimulated by 
excessive free iron, 2631 or to inadequate defences against 
oxidative stress. Concentrations of vitamin E are normal in 
parkinsonian substantia nigra, but those of reduced 
glutathione have been claimed to be substantially lower 
(though, technical difficulties may have influenced these 
findings). Catalase activities are normal, whereas 
mitochondrial (but not cytosolic) superoxide dismutase 
activities are increased, which perhaps reflects an attempt to 
compensate for oxidative stress. Finally, a specific reduction 
of mitochondrial complex I activity has been found in 
substantia nigra of parkinsonian patients. 32 Such deficiency 
of complex I activity is similar to the suspected neurotoxic 
action of MPTP. That there was no change in the molecular 
mass of complex I polypeptides, points to a change in 
enzyme activity. Restriction fragment analysis of substantia 
nigra mitochondrial DNA has not shown any major 
deletion, but a small deletion or point mutation has not been 
excluded. 

Further studies are needed to establish whether such 
changes are specific for Lewy body Parkinson's disease, 
whether they occur early in the illness (particularly in 
presymptomarJc incidental Lewy body disease), and 
whether they may be due to drug therapy. 

Management of Parkinson's disease 

The newly diagnosed case 

Until recently, all treatment of Parkinson's disease was 
palliative. Nothing was known to prevent or slow 
progression of the underlying pathology of the illness. 
However, a retrospective uncontrolled review of patients 
treated with the monoamine oxidase B inhibitor, deprenyl, 
in Europe had raised the possibility that this agent might 
slow progression by exerting a neuroprotective effect In a 
very large controlled trial in 1989 deprenyl significantly 
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delayed the need for levodopa by about a year compared 
with placebo.* 7 These results may be due to a symptomatic 
action of deprenyl, but they could indicate that deprenyl has 
a true neuroprotective effect by slowing die rate of 
progression of Parkinson's disease in newly diagnosed 
patients. Thus, for the first time, an agent has been found 
that may actually influence the underlying pathology of the 
disease. The implications of this discovery are immense. 
Firstly, all newly diagnosed cases of Parkinson's disease 
should be started on the drug to slow disease progression. 
Secondly, methods of diagnosing the illness at its earliest 
stage (or even before symptoms are present), should be 
developed. Any neuroprotective agent should be given as 
early as possible for maximum effect Finally, improved 
neuroprotective agents need to be developed. 

Which drugs should be given to patients with disabilities 
severe enough to need palliative treatment? Most patients 
will need such treatment within a few years. Anticholinergic 
drugs may be used to begin with, but are not nearly as 
effective as levodopa. In addition, there is the complication 
of mental side-effects, especially in the elderly patients, and 
the concern of giving cholinergic antagonists in a disorder 
with existing cortical cholinergic deficit. Amantadine has 
weak dopaminergic properties as well as its anticholinergic 
activity, and may have a temporary benefit. However, a 
dopamine agonist will eventually be needed in most cases. 
The choice is between levodopa (combined with a selective 
extracerebral decarboxylase inhibitor) and synthetic directly 
acting dopamine agonists. In general, levodopa is the most 
effective agent— nearly all patients with idiopathic 
Parkinson's disease will benefit. By contrast, only about a 
third of patients can be managed satisfactorily on, for 
example, bromocriptine alone. However, the major 
drawbacks to long-term levodopa therapy has led to a 
strategy of using low-dose levodopa with a dopamine 
agonist (eg, Sinemet or Madopar with bromocriptine 53 or 
lisuride 34 ), which is now the preferred method of starting 
palliative treatment. 

Complications of long-term therapy 

After a few years of stable response to . levodopa, the 
patient begins to experience end-of-dose deterioration or 
wearing-off a few hours after each dose of levodopa. In 
addition, various dyskinesias may have appeared, including 
early morning and off-period dystonias, diphasic chorea, 
bail ism, dystonias or stereotypies, and peak dose 
movements. 8 Despite the usual measure to fractionate the 
dose of levodopa---srnaller quantities more frequently — and 
also to add deprenyl and/or bromocriptine or newer longer 
acting preparations of levodopa, many patients begin to get 
increasingly severe and rapid oscillations in mobility and 
dyskinesias— the "on-off" effect. The afternoons are often 
the worst time, with prominent* and disabling dyskinesias, 
and individual doses of levodopa failing to have any 
beneficial effect. Rescheduling protein intake or a tow 
protein diet (to avoid competition of neutral amino acids 
with levodopa absorption and entry into the brain) are only 
partly and briefly effective in the control of these problems. 
Drug holidays, to restore dopamine receptor sensitivity, 
often lead to disastrous worsening of the Parkinson's disease 
during the withdrawal period. 

Since the fluctuations in mobility and dyskinesias are 
related, at least partly, to peaks and troughs of plasma 
levodopa levels," they can be overcome by continuous 
dopaminergic stimulation. Intravenous levodopa 



administration 10 is not a workable method and continuous 
intragastric or intraduodenal infusion is not generally 
suitable. Continuous subcutaneous infusion of the water- 
soluble D, dopamine agonist lisuride," though successful in 
the control of motor fluctuations in many patients, produces 
unacceptable psychiatric side-effects. Continuous 
subcutaneous infusions of apomorphine, a combined D t and 
D, dopamine agonist, have been successfully used in 
parkinsonian patients with severe fluctuations. 12 However, 
many patients find the continuous battery-operated 
syringe-driver pump infusions too difficult to cope with. An 
alternative strategy is single subcutaneous injections of 
apomorphine (0-2-5 mg) with a Tenject' system for patients 
in "off* periods. Oral domperidone may be given before 
these injections to prevent nausea and vomiting. Benefit 
usually appears within 5-15 min, and lasts 40-90 min. 
Patients are encouraged to take an adequate dose of a 
levodopa preparation every 5-4 h, and when they become 
immobile (turn off) to administer apomorphine by penject 
to produce mobility (switch on) until the next dose of 
levodopa works. This approach undoubtedly helps many 
advanced fluctuating parkinsonian patients to have a more 
stable day. Psychiatric problems have been uncommon, but 
the technique has not yet been perfected; dyskinesias 
frequently remain a major problem. Unfortunately, no 
drugs are yet available to prevent levodopa dyskinesias 
without antagonising the drug's benefit to mobility. 
Likewise, no selective antipsychotic medication has been 
found to control mental side-effects of antiparkinsonian 
drugs without increasing motor disability. 

The future 

Research into Parkinson's disease in the next decade will 
centre on improvements in neuroprotective treatment to 
prevent or slow the rate of progression of the disease; 
methods of protection against free radical damage; the role 
of excitatory amino acid antagonists, and specific methods of 
delivery of such agents to the brain; and early diagnosis for 
the most effective use of neuroprotective agents. Detection 
of preclinical Lewy body disease, for example with 
fluorodopa and positron emission tomography (PET) 
scanning, 36 may be possible; this technique can identify 
degrees of putaminal dopamine deficiency insufficient to 
produce overt clinical signs. PET technology is extremely 
expensive in its present form, but minicyclotrons dedicated 
to one or a few ligands, and cheaper PET cameras, are being 
developed. Other approaches to early diagnosis include the 
search for immunological markers of Lewy body 
degeneration in cerebrospinal fluid, the assessment of 
extracerebral dopamine metabolism as an index of what is 
happening in the brain, and the possible detection of Lewy 
bodies in extracerebral tissues. 

Neurotransplantation or brain grafting has restored 
function of the damaged brain in laboratory animals. 17 
Grafts of fetal substantia nigra into the striat um d eprived of 
its dopaminergic innervation by MPTP or 6- 
hydroxydopamine can survive, synthesise, and release 
dopamine, reinnervate host tissue, respond to host brain 
activity, and restore some (but not all) lost motor functions. 
Such grafts have been successful in rat to rat, primate to 
primate, and human to rat (with immunosuppression) 
experiments. 

The first attempts to use the brain grafting approach to 
treat Parkinson's disease used adrenal autografts. 14 The idea 
was to transplant the patient's own adrenal gland into their 
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damaged striatum as a source of dopamine; one adrenal 
gland was implanted into the head of the caudate nucleus on 
one side at open operation. However, initial daims of success 
have not been replicated. Over 300 such procedures have 
now been done and we now have a clearer picture. 37 
Firstly, there is a risk in the operation itself: complications of 
both the abdominal surgery and the neurosurgical approach 
have been reported in 10-20% of cases. Secondly, there has 
only been slight or inconspicuous benefit: patients continue 
to require levodopa therapy, but there may be some increase 
in duration of action of each dose of the drug, and some 
improvement in off period disability; the consensus now is 
that these modest benefits do not justify the risks. Finally, 
evidence from PET scanning in life and postmortem studies 
indicates that such adrenal grafts do not survive. However, 
they seem to provoke some degree of regeneration of 
nigrostriatal nerve terminals in the damaged striatum. 
Tissues other than the adrenal implanted into the 
denervated striatum have had a similar effect in 
experimental studies. It appears that implantation of tissue 
into the damaged striatum can generate some form of nerve 
growth activity to promote regeneration, and the search is on 
to discover what these factors may be. Once identified, they 
could be used to treat Parkinson's disease. 

The first attempts to use human fetal nigral grafts to treat 
Parkinson's disease have also been done. Stereotactic 
procedures are used to implant suspensions of fetal nigral 
tissue, so that surgical risks are reduced to a minimum. 
Although results of the preliminary trials of this approach 
are conflicting, there now is good evidence for survival of 
such grafts in some circumstances, 15 but to find die best 
technique needs to be resolved. The following issues remain 
controversial: the age span of the human fetal nigral tissue 
that provides a viable transplant; the size of the fetal nigral 
implant needed; the best position of implants within the 
striatum; the time necessary for functional development of 
the implants; the need for immunosuppression; and the 
ethics of using aborted human fetal tissue for grafting. Much 
further work is required to refine this procedure and its role 
in treatment is unlikely to be clear for many years. 
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Summary Parkinson's disease, a clinical syndrome with 4 cardinal features (bradykine- 

sia, resting tremor, increased muscular rigidity and impaired postural balance), 
is mainly caused by the loss of dopaminergic neurons in the substantia nigra pars 
compacta. Although levodopa remains the 'gold standard' in the treatment of the 
disease, several emerging strategies are currently being developed. The first con- 
cerns new symptomatic drugs that either potentiate the effects of levodopa (e.g. 
slow-release preparations of levodopa, catechol~<9-methyltransferase inhibitors 
and new dopamine agonists) or target clinical symptoms resistant to dopamin- 
ergic drugs (e.g. glutamate antagonists). The second strategy is to find drugs that 
are able to prevent or delay the neuronal death observed in Parkinson's disease. 
Several neuroprotective drugs are now in development in experimental research, 
but clinical trials in this area are still lacking. The development of these new drugs 
also depends on the validation of new clinical methodologies. 



Parkinson's disease (PD), one of the commonest 
causes of disability among the elderly, is usually 
defined as a clinical syndrome with 4 cardinal 
features: bradykinesia (slowness and poverty of 
movement); resting tremor; rigidity; and abnor- 
malities of posture and gait. Since the discovery of 
the beneficial effects of levodopa 35 years ago, 
few areas in pharmacology and medicine have 
surpassed PD in terms of progress in our under- 



standing of the mechanisms involved and in drug 
treatment. Major advances in the pharmacological 
treatment of PD, and especially the introduction 
of levodopa, have markedly reduced morbidity and 
are an example of the triumph of rational pharma- 
cology. This article reviews some recent aspects of 
PD, including advances in drug research and a dis- 
cussion of future strategies for the treatment of this 
disease. 




Table I UK Parkinson's Disease Society Brain Bank clinicai 
diagnostic criteria (from Gibb & Lees,* 6 * w ith permission) 

Step 1. Diagnosis of parkinsonian syndrome 

Bradykinesia (slowness of initiation of voluntary movement with 
• progressive reduction in speed and amplitude of repetitive 
actions) 

And at least 1 of the following: 
muscular rigidity 
4-6Hz resting tremor 

postural Instability-not caused by primary visual, vestibular, 
cerebellar or proprioceptive dysfunction 

Step 2. Exclusion criteria for Parkinson's disease 

History of repeated strokes with stepwise progression of 
parkinsonian features 
History of definite encephalitis 
Oculogyric crises 

Neuroleptic treatment at onset of symptoms 

More than 1 affected relative 

Sustained remission 

Strictly unilateral features after 3 years 

Supranuclear gaze palsy 

Cerebellar signs 

Early severe autonomic involvement 

Early severe dementia with disturbances of memory, language 
and praxis y a 

Babinski sign 

Presence of cerebral tumour or communicating hydrocephalus 
on CT scan 

exdS)^ 0086 10 ,ar9e d0S6S ° f leV ° d0pa (lf ma,absor Pfo>n 
MPTP exposure 

Step 3. Supportive prospective positive criteria for 
Parkinson's disease 8 
Unilateral onset 

Resting tremor present 
Progressive disorder 

Persistent asymmetry affecting the side of onset most excellent 
response (70-1 00%) to levodopa 
Severe levodopa-induced chorea 
Levodopa response for 5 years or more 
Clinical course of 10 years or more 



a Three or more are required for a definite diagnosis of 
Parkinson's disease. 

Tj^foT^ !J COm P uterised tomography; MPTP = methyl-4- 
phenyl-1 ,2,3,6-tetrahydropyridine. 



1 . Pathophysiology 



The main hallmark of PD is the loss of dopa- 
minergic neuron cell bodies in the zona compacta 



of the substantia nigra, leading to striatal dopamine 
denervation.! ! ^ The dopaminergic defect explains 
the main clinical manifestations of PD (especially 
akinesia, rigidity and, to a lesser extent, tremor), 
although symptoms emerge only when such deple- 
tion exceeds 80 or 90%. 

In addition to nigrostriatal dopamine denerva- 
tion, postmortem studies have documented other 
biochemical abnormalities in the brains of patients 
with PD. These include mesocorticolimbic dopa- 
mine cell loss and decreases in hypothalamic dopa- 
mine levels. Changes in non-dopaminergic systems, 
such as reduced levels of several monoamines and 
peptides in the striatum, substantia nigra, globus 
pallidus, nucleus accumbens, limbic and/or corti- 
cal regions, hippocampus, cerebellar cortex and 
spinal cord, may also be responsible for some of the 
clinical characteristics of PD.t 2 ^ For example, the 
decrease in serotonin (5-hydroxytryptamine; 5-HT) 
and noradrenaline (norepinephrine) levels could 
explain the occurence of depressive symptoms. It has 
also been proposed that the noradrenergic defect 
may explain the 'freezing' phenomena that occur 
during walking. 

The cell loss observed in the intermediolateral 
cell column, the hypothalamus and the nucleus va- 
gus dorsalis may be involved in the autonomic dys- 
function observed in some patients with PDJ 2 - 3 J 
Peripheral autonomic changes, including hypo- 
sensitivity of a 2 adrenoceptors and hypersensitivity 
of peripheral vascular dopaminergic receptors with 
normal a, or p adrenoceptor sensitivity, have also 
been described.™ However, the clinical conse- 
quences of all these central and peripheral changes 
remain unclear. 

Recent knowledge about the interconnecting 
neuronal circuitries within the basal ganglia and the 
cellular compensatory effects of dopamine loss has 
focused interest on amino acids, and in particular glu- 
tamate, which is an excitatory neurotransmitter in 
the basal ganglia. A growing body of evidence sug- 
gests that striatal dopaminergic denervation results 
in overactivity of both the subthalamic nucleus and 
ventroanterior and ventrolateral nuclei of the thal- 
amus, leading to reduced inhibitory input to the 
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Table fL Classification of parkinsonism (from Jankovic,^ with 
permission) 

Primary Parkinson's diseases 
Idiopathic 
tremor 

postural instability and gait difficulty 
akinesia (freezing*) 
dementia 
depression 
sensory disturbance 
autonomic dysfunction 
Brain tumour 

Trauma and pugilistic encephalopathy 
Hydrocephalus (normal and high pressure) 
Syringomesencephaiia 

Multiple system atrophies 
Sporadic 

progressive supranuclear palsy (ophthaimoparesis) 
Shy-Drager syndrome (dysautonomia) 
olivopontocerebellar atrophy (ataxia) 
Parkinsonism-dementia-ALS complex (motor neuron disease) 
striatonigral degeneration 

corticodentatonigral degeneration with neuronal achromasia 
Alzheimer's disease 
Inherited 
Huntington's disease 
Wilson's disease 
Hallervorden-Spatz disease 
familial parkinsonism-dementia syndrome 
familial basal ganglia calcification 
neuroacanthocytosis 

spinocerebellar-nigral degeneration and Joseph's disease 
GDH deficienc y 

Abbreviations: ALS = amyotrophic lateral sclerosis; GDH = 
glutamate dehydrogenase. 



cortex. Glutamate is believed to be the major neuro- 
transmitter between the subthalamic nucleus and 
the substantia nigra, and between the substantia 
nigra and the thalamus.^ 

2. Diagnosis 

Before considering recent advances in the 
pharmacology of PD, it is important to discuss the 
problems associated with its diagnosis. A review of 
the differential diagnosis of PD is beyond the scope 



of this article. However, in clinical practice, one of 
the first questions concerns the idiopathic nature 
of the disease and its response to levodopa. In fact, 
although the clinical features of PD are well known, 
there are at present no universally accepted patho- 
gnomonic diagnostic criteria. Indeed, as in Alz- 
heimer's disease and other dementias, the diagnosis 
of idiopathic PD can be made only at post-mortem, 
with the detection of Lewy bodies. Brain-bank 
studies have identified some criteria that are help- 
ful in the diagnosis of PD (table 

Symptoms of PD can also be associated with 
several other clinical conditions, for example demen- 
tia, depression, autonomic dysfunction and cerebellar 
disorders. Thus, classifications of parkinsonism 
usually differentiate between primary (idiopathic) 
PD, secondary parkinsonism and multiple system 
atrophy (MSA) [table U]P^ This review focuses 
only on recent advances in idiopathic PD. 

3. Emerging New Strategies 
and New Drugs 

The discovery of dopamine terminal loss in the 
striatum and the observation that the striatal cho- 
linergic terminals remain fully active have led to 
the current pharmacological approach to treating 
PD. Treatment is aimed at restoring the disturbed 
neurotransmitter balance, either by: (i) inhibiting 
acetylcholine output with antimuscarinic drugs; or 
(ii) countering the dopamine deficiency through 
supplementation with levodopa and/or dopamine 
agonists. Recent pathophysiological studies have also 
allowed researchers to characterise some cellular 
mechanisms of neuronal death in the substantia 
nigra. Thus, interest in new therapeutic strategies 
includes research not only for new drugs but also 
for effective preventive strategies. 

3.1 Symptomatic Treatment 

In most patients with PD, the initial therapeutic 
success of levodopa is blunted by the development 
of motor and mental adverse effects after a few 
years of treatment.' 4 ] Because of the limitations of 
levodopa therapy, the pharmacological treatment 
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of PD has been expanded to incorporate 4 different 
approaches: 

• the development of new dopaminergic drugs, or 
the reassessment of old drugs in new strategies 
or delivery systems, to lessen the long-term ad- 
verse effects of levodopa; 

• research for agents that target non-dopamin- 
ergic neurotransmitter systems; 

• studies of the feasibility of brain transplants; 

• new surgical approaches. 

Only the first 2 areas are discussed in this article. 

3. 1 1 Enhancing Dopaminergic Transmission 
Several clinical pharmacological studies have 
suggested that motor response complications are a 
consequence of both natural disease progression 
and the action of levodopa. It has been suggested 
that wearing-off responses appear to be primarily 
related to advancing degenerative changes affect- 
ing the dopaminergic nerve endings. Other fluctu- 
ations (e.g. peak-dose dyskinesias, or 'on-off * effects) 
could be explained by the chronic intermittent ex- 
citation (by levodopa treatment) of postsynaptic 
dopamine receptors, which are normally tonically 
stimulated. Thus, strategies that improve dopa- 
minergic neurotransmission could be useful to pre- 
vent or treat complications such as wearing-off re- 
sponses. 

Levodopa 

Despite its long-term adverse effects, levodopa 
remains the 'gold standard' in PD patients. It is 
rapidly absorbed in the duodenum and transported 
across the gut wall by a saturable, facilitated car- 
rier. system (the aromatic and branched chain L- 
amino acid system) ^o] p ea k concentrations of the 
drug in plasma occur between 0.5 and 2 hours after 
an oral dose; there are, however, large inter- and 
intraindividual variations depending, for example, 
on the rate of gastric emptying and gastric pH. 

Levodopa is always administered in combina- 
tion with a peripherally acting dopa decarboxylase 
inhibitor (benserazide or carbidopa). This reduces 
some of the peripheral adverse effects of levodopa 
(cardiac arrhythmias, nausea, vomiting, etc.) and 
increases the fraction of administered levodopa 
that crosses the blood-brain barrier. 



Because of rapid decarboxylation and the blood- 
brain barrier, less than 1 % of the administered levo- 
dopa penetrates into the brain, even in the presence 
of a peripheral dopa decarboxylase inhibitor. 
Amino acids in the diet can compete with levodopa 
transport across both the intestinal mucosa and the 
blood-brain barrier. This observation led to the pro- 
posal to use low-protein diets in patients with levo- 
dopa-induced fluctuations in motor performance. 
Although the results of the studies are controver- 
sial, most of them show that this regimen increases 
the ratio of 'on' to 'off hours. [11 ' I2 l Benefit usually 
occurs within a week of diet initiation J n l The au- 
thors recommend that patients take levodopa with 
a carbohydrate-containing breakfast and lunch, and 
consume more protein with the evening meal. 1123 
This kind of regimen can be useful for some pa- 
tients. However, since it often reduces protein in- 
take, it could lead to malnutrition in elderly parkin- 
sonian patients. 

Another option is the use of slow-release prep- 
arations of levodopa (e.g. < SinemetCR\ 'Madopar 
HBS'). 'Sinemet CR' is a mixture of levodopa 
200mg and carbidopa 50mg .in an erodible matrix 
that retards gastric tablet dissolution. 113 ! 'Madopar 
HBS' is a controiled-release tablet with levodopa 
lOOmg and benserazide 25mg. When in contact 
with gastric fluid and after dissolution of the gela- 
tin shell of the capsule, the 'hydrodynamically bal- 
anced system' (HBS) forms a mucous body with a 
bulk density of less than 1. This releases the drug 
at the desired rate while the dosage form remains 
in the stomach for a prolonged period of timeJ 14 ! 

However, it is important to consider that 'Sinemet 
CR' and /Madopar HBS* are not true extended- 
release dosage forms, but are formulations that pro- 
duce attenuated peak plasma drug concentrations 
(C max ) and release the active compound slowly (i.e. 
they have reduced bioavailability). This indicates 
that the total daily dosage of levodopa may need to 
be increased by about 30% when switching from 
standard to slow-release levodopa. 

Several studies have shown that 'Sinemet 
CR'U5.i6] or 'Madopar HBS^ ,7 « ,8 1 are effective drugs 
that prolong 'on' time, especially in patients with 
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wearing-off responses. Disadvantages of these 
slow-release preparations include delayed and 
poor responses after the first morning dose (it is 
often necessary to take a standard tablet as the first 
daily dose) as well as an exacerbation and prolon- 
gation of peak-dose dyskinesias (especially in the 
afternoon). The place of 'Sinemet CR' or 'Madopar 
HBS* as first-line treatment of PD in patients not 
previously treated with standard levodopa is not 
established.* 19 ! Studies are now under way to in- 
vestigate whether the more constant activation of 
dopaminergic neurons achieved by slow-release 
compared with standard levodopa could prevent or 
delay the occurrence of motor fluctuations. 

Other researchers have sought to improve the 
delivery of levodopa to the gastrointestinal sys- 
tem or brain using intraduodenal, intravenous or 
intracerebroventricular infusion, or percutane- 
ous administration. 1203 Another exciting area of 
future research is the development of encapsulated 
dopamine-secreting cell lines, which could be im- 
planted subcutaneously or into the striatum. f2I] 

Increasing Dopamine Synthesis 

Clinical trials of dopamine precursors (e.g. tyro- 
sine) or agents that stimulate tyrosine hydroxylase 
(tetrahydrobiopterin, oxyferriscorbone) have failed 
to give reproducible and significant results. 

Enhancing Dopamine Release 

Amphetamines are known to increase dopa- 
mine release from nigrostriatal terminals. How- 
ever, these drugs, which have several adverse effects 
(hypertensive crisis, depression, dependence, etc.), 
have not been found to be useful in parkinsonian 
patients.* 223 

Amantadine, first introduced as an antiviral 
agent for the prophylaxis of influenza, is a unique 
antiparkinsonian drug with multiple mechanisms 
of action: it enhances dopamine release and has anti- 
muscarinic effects, but it may also increase dopa- 
mine synthesis and inhibit dopamine reuptake. 1231 
Recent studies also suggest that amantadine and 
the closely related compound memantine can block 
/V-methyl-D-aspartate (NMD A) receptors. 1241 
Whatever its exact mechanism of action, the effects 
of amantadine on bradykinesia and tremor are 



modest and the drug is less effective than levodopa. 
Most patients fail to respond after several (3 to 6) 
months of treatment. However, amantadine is one 
of the only antiparkinsonian drugs possessing lat- 
eral psychostimulant properties, which can be use- 
ful in some patients. 

Several authors have reported favourable re- 
sults with electroconvulsive therapy (ECT) in pa- 
tients with PD (for a bibliography, see Atre-Vaidya 
& Jampala [25] ). ECT may improve motor as well as 
depressive symptoms.! 251 However, most studies 
have so far been small and uncontrolled. Further 
study in this area is therefore needed. 

Blocking Dopamine Reuptake 

Blocking dopamine reuptake is known to in- 
crease dopamine levels in the synapse. However, 
drugs such as imipramine derivatives, amfebuta- 
mone (bupropion), mazindol and benzatropine 
(benztropine), which are known to block dopamine 
reuptake, have only a modest effect on motor 
symptoms in patients with PD. 

Inhibiting Dopamine Metabolism 

Most of a dose of orally administered levodopa 
is rapidly metabolised, first by peripheral dopa 
decarboxylase to dopamine (about 70%), which is 
further metabolised by intracellular monoamine 
oxidase (MAO) and extracellular catechol-O- 
methyltransferase (COMT).l 101 The latter is pres- 
ent both peripherally and in the brain. 

MAO is an enzyme that catalyses the oxidative 
deamination of various neurotransmitters such as 
catecholamines and serotonin. It exists in 2 forms. 
The B form, mainly located in platelets and the 
striatum, is responsible for the degradation of 
dopamine and other phenylethylamines, whereas 
the A form degrades serotonin. At low to moderate 
dosages (<10 mg/day), selegiline (deprenyl) is a 
selective inhibitor of MAO-B and is free of the 
'tyramine effect' common to other MAO inhibitors. 
It acts as an irreversible /suicide' inhibitor of the 
enzyme. Its mechanisms of action have recently 
been reviewed. 126 - 271 

Selegiline has been used for many years as an 
adjunct to levodopa therapy, although its symptom- 
atic benefit is relatively modest. It has been shown 
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to attenuate drug-induced motor fluctuations such 
as wearing-off effects in 50 to 70% of patients, and 
permits a 10 to 30% reduction in the total daily 
dosage of levodopa. In some patients, selegiline 
exacerbates peak-dose adverse effects of levodopa 
(e.g. dyskinesias, dystonia, confusion and halluci- 
nations). Patients with severe, unpredictable on-off 
effects do not usually respond to selegiline. Used 
as monotherapy, this drug appears to be ineffective 
in some patients previously untreated with levo- 
dopa and effective in some other patients. f26 l The 
putative neuroprotective effects of selegiline are 
discussed in section 3.3. 

Arecently published trial of selegiline has ques- 
tioned the safety of the drug in PDJ 28 1 A prospec- 
tive study designed to compare the effectiveness 
of levodopa, bromocriptine and levodopa plus 
selegiline in early mild PD found a significantly 
higher mortality rate in the group of patients 
treated with selegiline plus levodopa compared 
with levodopa alone. ™ Until more information 
becomes available from this study, this surprising 
result must be interpreted cautiously, since several 
methodological biases could exist (number of lost 
patients, cause of death, risk a, etc.)J 29 l 

Another potential source of bias in this study 
could be interactions between selegiline and anti- 
depressants that inhibit serotonin reuptake. This 
would lead to so-called 'serotonin syndrome', char- 
acterised by anxiety, loss of consciousness, seiz- 
ures or even pseudophaeochromocytoma crisis J 30 ^ 
This interaction is well recognised with older 
serotonin reuptake inhibitors (e.g. fluoxetine) that 
are metabolised by cytochrome P450. Further stud- 
ies are needed to investigate this interaction with 
newer serotonin reuptake inhibitors (e.g. citalo- 
pram). 

Several other MAO inhibitors derived from 
amphetamine-like metabolites are currently in de- 
velopment as future antiparkinsonian drugs (e.g. 
lazabemide).* 31 J The development of mofegilinef 32 ^ 
has been stopped. 

A series of new and selective COMT inhibitors 
has recently been developed. Entacapone, nite- 
capone and tolcapone are nitrocatechol-type agents 



active both in vitro and in vivo, whereas CGP 280 1 4 
is a pyridine derivative that is active only in 
v/vo. [33] The main action of these agents is to inhibit 
the 0-methylation of levodopa, thus improving its 
bioavailability and brain penetration, and potenti- 
ating its motor effects.^ 34 ! Entacapone and nite- 
capone have mainly peripheral effects, whereas 
tolcapone and CGP 28014 are also active in the 
brain. 

Several recent clinical studies have shown that 
COMT inhibitors reduce plasma levels of 3-0- 
methyldopa, which is believed to compete with 
levodopa transport through the intestinal mucosa 
as well as through the blood-brain barrier. COMT 
inhibitors do not affect levodopa absorption (i.e. 
the maximum plasma concentration is unchanged), 
but they do prolong its half-life. This increases the 
duration of action of a single dose of levodopa, and 
for this reason COMT inhibitors may be useful as 
adjunctive therapy in PD.f 35 « 36 l COMT inhibitors 
may also facilitate a reduction in the dosage of 
levodopa. 

Future studies must investigate the long-term 
beneficial and adverse effects of COMT inhibitors. 
For example, COMT inhibitors may worsen dyski- 
nesias. In that case, the dosage of levodopa should 
be reduced or the dosage interval prolonged. 

Continuous Dopamine Therapy 

Two factors have led to the proposal that 
continuous treatment of PD could delay the onset 
of treatment complications. The first of these is the 
hypothesis that peak-dose dyskinesias and on-off 
effects can be explained by intermittent stimulation 
of the postsynaptic dopamine receptors. [9 - 37 l Sec- 
ondly, it has been observed that more constant acti- 
vation of dopamine receptors, through continuous in- 
fusion of levodopa or dopamine agonists (which 
causes fewer receptor alterations than pulsatile 
dopaminergic stimulation), counteracts some mo- 
tor fluctuations in patients with advanced PD. [36j 
Continuous dopaminergic stimulation could be 
achieved by a long-term infusion of levodopa or 
apomorphine (a dopamine agonist) in previously 
untreated PD patients. Of course, for evident reasons, 
such a possibility cannot be investigated in humans. 
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The goal of continuous dopamine stimulation 
could justify, from a theoretical point of view, 
the use of slow-release levodopa formulations 
as first-line treatment of the disease. As indicated 
above, the place of these formulations in previously 
untreated patients remains unknown, and the results 
of a large, multicentre, controlled trial comparing 
standard and slow-release levodopa in this patient 
group are awaited with interest. Another possibil- 
ity could be long-acting dopaminomimetic drugs 
(dopamine agonists), which may offer a more 
physiological pattern of stimulation. 

Dopamine Agonists 

Because the efficacy of levodopa wanes over 
time in many PD patients, interest has turned to the 
development of drugs acting directly on dopamine 
receptors. Dopamine agonists include ergot deriv- 
atives, apomorphine and more recently developed 
drugs. 

Ergot Derivatives 

The current status of dopamine agonists in PD 
was recently reviewed. * 38) Dopamine agonists are 
a heterogeneous group of drugs that produce their 
antiparkinsonian effect through the activation of 
dopamine receptors. They were first developed in 
the early 1970s and, to date, bromocriptine, lisur- 
ide and pergolide have undergone extensive clini- 
cal trials and are now used in clinical practice. 
These drugs are ergot derivatives. Dopamine ago- 
nists act directly on postsynaptic dopamine Di 
and/or D 2 receptors. The primary target of dopa- 
mine agonists is believed to be the D2 receptor, 
although some recent studies have suggested a 
role for Di receptors in the treatment of PDJ 39 ) 

The binding profiles of dopamine agonists at Di 
and D 2 receptors differ slightly. Bromocriptine 
stimulates only D 2 receptors and is a partial agonist 
at Di receptors. Lisuride is a potent D 2 and a weak 
D| receptor agonist. Pergolide stimulates D 2 more 
than Dj receptors.^ 38 ) Despite their different phar- 
macodynamic and pharmacokinetic profiles, the 3 
drugs appear to be very similar in terms of their 
clinical efficacy. 

This pharmacological profile suggests certain 
theoretical advantages of these drugs over levodopa: 



(i) they stimulate postsynaptic dopamine receptors 
directly, thus bypassing the degenerating nigro- 
striatal neurons; (ii) they do not depend on a pool of 
decarboxylase enzyme for conversion into the active 
transmitter; (iii) in contrast to levodopa, which yields 
6-hydroxydopamine, they do not produce toxic 
metabolites; and (iv) their use will not result in the 
formation of free radicals, which have potential ad- 
verse consequences on disease progression. More- 
over, their use permits reduction of the levodopa 
dosage. 1383 

Dopamine agonists also have some clear disad- 
vantages over levodopa: (i) they are less effective 
in reducing parkinsonian symptoms; (ii) they pro- 
duce adverse effects (orthostatic hypotension, va- 
soconstriction, limb oedema, retroperitoneal fibro- 
sis, psychiatric disorders); and (iii) they are more 
expensive. 1383 

Dopamine agonists are usually used in combi- 
nation with levodopa when late adverse effects 
occur, especially wearing-off effects, or when the 
efficacy of levodopa wanesJ 383 They can also be 
prescribed as monotherapy in some patients, and 
relatively high dosages can be used as initial 
treatment. However, their efficacy often decreases 
after 1 to 3 years. t40J Another possibility is combi- 
nation therapy, which is known to delay the onset 
of levodopa-induced late adverse effects (abnor- 
mal movements, fluctuations in daily motor per- 
formance)^ 41 * 423 At present, the best therapeutic 
strategy (i.e. early* 4131 vs late [42]2 combination with 
levodopa), and the place of these drugs compared 
with others such as selegiline, remains unknown. 

Apomorphine 

The rediscovery of apomorphine for the man- 
agement of patients with PD is one of the best ex- 
amples of the value of 'old drugs' in modern phar- 
macology. Apomorphine is the most potent 
dopamine agonist now available, acting at both D| 

1 Early combination treatment refers to initial treatment 
with a dopamine agonist plus levodopa. 

2 Late combination treatment means initiating therapy with 
a dopamine agonist and adding in levodopa later on, revert- 
ing to dopamine agonist monotherapy when the efficacy of 
dopamine replacement declines. 
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and D 2 receptors. 1431 Its long-term oral use has been 
associated with nausea, vomiting and azotaemia, 
and is limited by hepatic first-pass metabolism. In 
combination with domperidone, the subcutaneous 
administration of apomorphine produces a potent 
and rapid antiparkinsonian action. Apomorphine 
alleviates bradykinesia and rigidity as well as par- 
kinsonian tremor. 

Repeated subcutaneous injections of apomor- 
phine (using a Tenject' system) significantly re- 
duce daily 'off ' periods in patients with fluctuating 
motor function. Benefits occur within 5 to 15 min- 
utes and last for 45 to 90 minutes. Apomorphine 
has relatively few adverse effects, and adverse 
psychiatric reactions seem to be less frequent than 
with other dopamine agonists. Markedly disabled 
patients with frequent fluctuations (>10 per day) 
can be managed with continuous daytime subcuta- 
neous infusions of apomorphine via a syringe 
driver.^ 

Apomorphine can also be used as a test for dopa- 
minergic responsiveness. This test has a good pre- 
dictive value for subsequent responsiveness to 
levodopa treatment, and may help in the differen- 
tial diagnosis of idiopathic PD and parkinsonian 
syndromes. [43] 

Current research is ongoing into alternative 
routes of administration for apomorphine. It is ef- 
fective by the sublingual route, but the time to its 
onset of action is longer than after subcutaneous 
injection.^ Apomorphine has also been found to 
be effective after rectal or intranasal administration 
for treating 'off ' periods.' 43 ! Although the long- 
term adverse effects of apomorphine are unknown, 
these routes could be useful in patients unable to 
administer apomorphine by subcutaneous injec- 
tion.^ 

New Dopamine Agonists 

Several other dopamine agonists are currently 
under development, 144 - 45 ) including cabergoline 
[an ergoline derivative with a long half-life (24 
hours)], and the non-ergot derivative ropinirole, 
which is a potent D 2 receptor agonistJ 461 Prami- 
pexole is a D 2 autoreceptor agonist that is under 
clinical development. In addition, the possible use- 



fulness of dopamine partial agonists, such as ter- 
guride, is currently under investigation. Other se- 
lective D l and D 2 receptor agonists and transder- 
mal preparations are also being studied. [44 ' 45 ) 

The development of dopamine agonists was a 
major step forward in the treatment of PD, but the 
ideal drug (i.e. orally active, long-acting and as po- 
tent as levodopa) has not yet arrived. Such an ideal 
drug should induce fewer motor complications 
than levodopa, have no psychiatric adverse effects, 
and could be used alone to specifically stimulate 
central dopamine receptors. [38] 

It will be necessary to reassess the pharmaco- 
logical profile of existing and future dopamine ag- 
onists in accordance with the new molecular 
classification of the 5 known dopamine receptor 
subtypes J 47 l At present, the roles of the different 
receptor subtypes remains unknown, although in 
primates the D 3 receptor is present in significant 
numbers in the caudate-putamen. Both D) and D 2 
receptor agonists induce dyskinesias in drug- 
naive or levodopa-treated animals. Recent ex- 
perimental studies suggest that low dosages of D{ 
receptor agonists might have antiparkinsonian ef- 
fects without inducing dyskinesias. On repeated 
administration, such treatment diminished the 
intensity of dyskinesias in levodopa-primed, 
methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP)-treated primates J 39 - 48 ) 

In previously untreated patients with PD, Di re- 
ceptor agonists exert a mild antiparkinsonian ef- 
fect, mainly reducing tremor. [495 It has been sug- 
gested that a strategy which includes Di receptor 
activation and reduces the sensitivity of the D 2 re- 
ceptor could provide good symptomatic control 
and reduce dyskinesias in patients with advanced 
PD. [37 J Clinical studies are needed to confirm this, 
however. 

3. 1.2 Manipulating Non-Dopamlnergic 
Neurotransmitters 

As discussed in section 1, several significant 
biochemical changes in non-dopaminergic systems 
have been described in patients with PD. Thus, 
many workers have tried to manipulate neuro- 
transmitters other than dopamine and acetylcholine 
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to find evidence for an adjuvant effect of levodopa 
or effects on parkinsonian symptoms that do not re- 
spond well to levodopa [e.g. gait disorders (freez- 
ing), postural instability, dysarthria, cognitive dis- 
orders]. 

Cognitive disorders in parkinsonian patients 
probably result from multiple alterations in neuro- 
transmitter systems, involving for example nor- 
adrenaline, acetylcholine or even peptide transmit- 
ters. The manipulation of these neurotransmitters 
has not resulted in any observable improvement of 
cognition in patients with PD. In contrast, the sero- 
tonin precursor 5-hydroxytryptophan (5-HTP) and 
serotonin reuptake inhibitors (e.g. fluoxetine) have 
been shown to provide a mild antidepressant ef- 
fect in patients with PD.* 50J The favourable effect 
of progabide, a y-aminobutyric acid agonist, sug- 
gested by Bartholini et al.* 51 J has not been con- 
firmed by others.* 51 ! Naltrexone, an opiate antago- 
nist, was found to be ineffective in PD in patients 
with and without dyskinesias.* 521 

More interesting is the discussion of the clinical 
correlation between central noradrenergic deple- 
tion and PD. This could explain the occurrence of 
depression, dementia, motor blocks (freezing) and 
orthostatic hypotension in patients with PD. For 
example, Japanese authors have reported that 
droxidopa (dihydroxyphenylserine; L-threo-dops) 
can improve freezing phenomena,* 531 although 
this beneficial effect was not confirmed by others. 
Since droxidopa is an immediate precursor of nor- 
adrenaline, it may improve the orthostatic hypo- 
tension often observed in patients with PD.* 54 1 

It was recently suggested that noradrenaline 
may play a neuroprotective role in PD/ 55 ! since le- 
sions of the locus coeruleus by 6-hydroxydopamine 
in MPTP-treated monkeys are associated with a 
more marked dopamine depletion and greater sub- 
stantia nigra cell loss compared with nonlesioned 
controls.* 56 ^ The locus coeruleus may have a pro- 
tective effect on nigral dopaminergic neurons. 
Since it is known that oc 2 adrenoceptors inhibit the 
release of dopamine from the caudate nucleus,* 571 
it could be suggested that a 2 adrenoceptor antago- 
nists could exert beneficial (neuroprotective and/ 



or symptomatic) effects in PD. Preliminary studies 
are encouraging* 581 but unequivocal evidence is 
still awaited. 

Recent physiological studies have demonstrated 
the importance of excitatory amino acids, particu- 
larly glutamate, in the basal ganglia. For example, 
the excessive output from the subthalamic nucleus 
to the internal pallidal segment, and to the reticular 
part of the substantia nigra, that occurs in PD is 
mediated by glutamate.* 51 Animal studies have 
shown that NMDA receptor antagonists potentiate 
the effects of levodopa and can protect the sub- 
stantia nigra from MPTP-induced neurotoxicity in 
rats. Injection of the NMDA receptor antagonist 
dizocilpine (MX 801) within the medial pallidum 
reverses parkinsonian symptoms in MPTP-treated 
monkeys.* 591 

The mechanism of action remains unclear, but it 
has been suggested that blockade of NMDA recep- 
tors facilitates dopamine action by preventing the 
glutamate-induced dephosphorylation of DARPP- 
32, a dopamine- and cyclic adenosine mono- 
phosphate (cAMP)-regulated phosphoprotein.* 591 
Despite some experimental evidence, clinical data 
are still lacking because the few clinical studies 
that have been conducted with NMDA receptor an- 
tagonists have failed to demonstrate any favour- 
able effect in patients with PD.* 60 * 611 Further stud- 
ies with new drugs are needed. 

A frequently observed long-term complication 
of treatment with levodopa in patients with ad- 
vanced PD is the occurrence of mental distur- 
bances - hallucinations, vivid dreams, paranoid 
ideation and delirium. These psychiatric symp- 
toms reflect the consequences of dopaminergic 
stimulation on an underlying degenerative neuro- 
pathological process. They can be improved by re- 
ducing the levodopa (and/or dopamine agonist) 
dosage or by adding antipsychotics, although these 
invariably worsen the parkinsonian symptoms. 

Clozapine is an atypical antipsychotic devel- 
oped more than. 30 years ago, which was with- 
drawn from clinical use because of its ability to 
cause bone marrow suppression. It is now under 
reinvestigation in the management of psychosis 
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refractory to standard treatment. In contrast to 
other antipsychotics, clozapine acts as a relatively 
selective Dj antagonist. It also blocks the D 4 receptor 
in the limbic system and possesses potent anti- 
muscarinic activity, which may explain the low 
incidence of extrapyramidal adverse effects asso- 
ciated with its use. 

Consequently, several authors have investigated 
the use of clozapine in patients with PD and psy- 
chotic symptoms.' 62 - 63 ! The results were reported 
to be favourable, although the studies were per- 
formed with a large range of dosages (6.5 to 250 
mg/daily) on a relatively small number of patients 
without double-blinding. I 62 * 63 l Despite several ad- 
verse effects [hypotension, tachycardia, sialorrhoea 
and, more importantly, granulocytopenia (which 
occurs in 1 to 5% of patients during treatment)], 
clozapine represents an important therapeutic ad- 
vance in some PD patients with mental disorders 
after long-term levodopa treatment. 

3.2 Neuroprotective Strategies 

The precise mechanism of neuronal death in PD 
remains unknown. Several factors are involved, in- 
cluding oxidative stress, mitochondrial abnormal- 
ities, calcium cytotoxicity, iron accumulation, 
excitotoxic or immunological factors. [64 * 65 1 These 
biochemical observations have resulted in new 
therapeutic strategies aimed at preventing the nat- 
ural progression of the disease J 65 l 

3.2. I Anfioxidative Properties of Selegiline 
The discovery that selegiline can prevent the 
neurotoxic effects of MPTP in animals led to the 
reassessment of selegiline in previously untreated 
patients with PD. It was speculated that selegiline 
might alter the progression of the disease by reduc- 
ing the generation of potentially neurotoxic sub- 
stances from either endogenous or exogenous com- 
pounds. 

Birkmayer et al.* 66 ? found that patients treated 
with selegiline plus levodopa survived 12% longer 
than those treated with levodopa alone. However, 
this was a retrospective, uncontrolled study that 
had major methodological defects. Tetrud and 
Langston* 67 ! reported the results of a double-blind, 



placebo-controlled trial of selegiline in 54 patients 
with early PD who had never received levodopa. 
Patients treated with selegiline for 3 years were 
able to do without levodopa for 549 days, com- 
pared with 312 days for those receiving placebo. 
The rates of progression of 4 clinical rating scales 
were slowed by between 40 and 64%. 

The most interesting results come from the 
DATATOP study. ^ This study compared the ef- 
fects of placebo and selegiline on the progression 
of disability in early PD. An interim analysis re- 
vealed that the rate of reaching the end-point (i.e. ad- 
ding levodopa) was much slower in the selegiline- 
treated group than in the placebo group. The final 
report showed that the beneficial effects of selegil- 
ine, which occurred largely during the first 12 
months of treatment, remained strong and signifi- 
cantly delayed the onset of disability requiring 
levodopa therapy. The between-group difference in 
the estimated median time to the end-point was 
about 9 months. The ratings for PD improved dur- 
ing the first 3 months of selegiline treatment, and 
the motor performance of selegiline-treated pa- 
tients worsened after treatment was withdrawn.^ 68 ! 
The authors concluded that selegiline 10 mg/day 
delays the onset of disability associated with early, 
otherwise untreated, PD. 

This study raises a number of methodological, 
clinical and pharmacological questions. From a 
methodological point of view, the criteria selected 
(probability of reaching the end-point and ceasing 
full-time employment) have not been validated by 
previous studies. The clinical significance of the 
study also remains debatable because the long-term 
(5 to 10 years) consequences remain unknown. 
Finally, the mechanism of action (antidepressant, 
symptomatic, protective or all of these) of selegiline 
is unclear! 69 ! (table III). 

Two clinical trials have recently reinvestigated 
the neuroprotective effects of selegiline in PD. [70J, 1 
The SINDEPAR trial™ (performed on 86 pre- 
viously untreated patients) is comparing 4 treat- 
ments in PD patients: (i) selegiline plus levodopa; 
(ii) selegiline plus bromocriptine; (iii) placebo plus 
levodopa; and (iv) placebo plus bromocriptine. 
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Table III. Possible mechanisms of action of selegiline (from 
Jankovic, 169 * with permission) 

Enhancement of dopaminergic transmission 
Inhibits oxidation of MPTP to MPP* 
Produces amphetamine-like effect 

enhances release of dopamine 

blocks reuptake of dopamine 
Increases striatal phenyiethyiamine levels 

enhances release of dopamine 

activates dopamine receptors 

Stimulates gene expression of L-amino acid decarboxylase in 
PC 12 cells 

Neuronal protection 

Reduces production of oxidative radicals 
Up-regulates superoxide dismutase and catalase 
Suppresses nonenzymatic, iron-catalysed auto-oxidation of 
dopamine and polymerisation of dopamine-melanin 

Neuronal rescue 

Compensates for loss of target-derived trophic support 
(stereospecific) 
Enhances glial activation 
Induces NT-3trikC receptor 

Up-regulates CNF gene expression in astroglial cell culture 

Delays apoptosis in serum-deprived PC12 cells 

Blocks apoptosis-related fall in mitochondrial membrane potential 

Abbreviations: CNF = ciliary neurotrophic factor; MPP + = active 

metabolite of MPTP; MPTP = methyl-4-phenyl-i ,2,3,6- 

tetrahydropyridine. 



This study included a 7-week wash-out period of 
selegiline to exclude a symptomatic effect. Motor 
deterioration was more pronounced in the 2 pla- 
cebo groups, suggesting that selegiline can delay 
the progression of signs and symptoms via a mech- 
anism that is not readily accounted for by its symp- 
tomatic effects J 70 * 

The second trial* 7 *1 is a long-term, controlled 
study being performed in Finland, comparing the 
need for levodopa in previously untreated patients 
given placebo or selegiline for 4 years. It showed 
that the levodopa dosage was 58% higher in the 
placebo group than in the selegiline group, with 
a lower daily levodopa intake and end-of-dose 
deterioration in the latterJ 7| l 

This study needs to be completed, and further 
trials are required to better define the respective roles 
of selegiline and other drugs (e.g. dopamine agonists) 



that can be used as first-line treatment in the early 
management of PD. 

Other studies have failed to find evidence for a 
neuroprotective effect of selegiline. For example, 
Brannan and YahH 72 ) compared 2 groups of PD pa- 
tients, the first treated with levodopa alone and the 
second treated initially with selegiline and then 
subsequently started on levodopa therapy on an as- 
needed basis. For a similar symptomatic effect, the 
sole difference after 3 to 5 years of treatment was 
that patients in the selegiline plus levodopa group 
received less levodopa than patients who received 
monotherapy^ 721 

The DATATOP study! 68 ! also investigated the 
effect of tocopherol (vitamin E), which traps free 
radicals, in patients with PD. The study failed to 
show any beneficial effect of tocopherol or any 
interaction between selegiline and tocopherol. ^ 

3.2.2 Antioxidative Properties 
of Dopamine Agonists 

Recent literature also discusses the putative 
neuroprotective actions of dopamine agonists. C39J 
Pergolide, like selegiline, elevates superoxide dis- 
mutase activity in the brain, decreases hydrogen 
peroxide formation from dopamine and preserves 
nigral cells in aging ratsJ 73 751 Bromocriptine, apo- 
morphine and other agonists also scavenge free 
radicals and have antioxidant activity, in contrast 
with the mainly pro-oxidant actions of levo- 
dopa.t 76 ) However, these studies are only in vitro 
experiments, and the clinical consequences of such 
properties remain to be determined. 

3.2.3 Experimental interventions 
Affecting Brain Iron 

The demonstration that iron, which accumu- 
lates in the substantia nigra in patients with PD, can 
exert direct toxic effects on nigral neurons led to 
the search for new pharmacological approaches. 
These approaches are: (i) reducing the entry of iron 
into the brain; (ii) increasing the nontoxic storage 
of iron; (iii) removing (chelating) accumulated iron; 
and (iv) a combination of these interventions.* 651 
No clinical data using such therapeutic strategies 
have yet been published. 
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Table IV. Potential neuroprotective therapies for Parkinson's 
disease (from JankovicJ 69 ) with permission) 



Strategy 

Levodopa-sparing 
strategies 
Dopamine receptor 



Example 



Dopamine agonists 



Bromocriptine 
Usuride 
Pergoiide 

Dopamine transport Mazindol 
inhibitors 21 -Aminosteroids 

Antioxidants MAO-A and MAO-B inhibitors 

Lipid peroxidation Tocopherol (vitamin E) 

inhibitors (free radical Ascorbic acid (vitamin C) 
scavengers) P-Carotene 

Lazaroids 

21 -Aminosteroids 
Free radical trappers Phenylbutytnitrone 
Calcium antagonists Dihydropyridines 
Iron chelators Deferoxamine (desferoxamine) 

21 -Aminosteroids 
. Glutamate antagonists NBQX 

Remacemide 

Amantadine 

Certain anticholinergic drugs 
Lamotrigine 
Trophic factors BDNF 
IGF 
FGF 
EGF 

GM1 gangliosides 
GDNF 

Restorative therapy with brain implants 
Subthalamotomy 
Control of potential risk factors 



Abbreviations: BDNF = brain-derived neurotrophic factor; EGF = 
epidermal growth factor; FGF = fibroblast growth factor; GDNF = 
glial cell line-derived neurotrophic factor IGF = insulin-like growth 
factor; MAO = monoamine oxidase; NBQX = 2,3-dihydroxy-6-nitro- 
7-sulfamoyl benzo(f)quinoxaline. 



3.2.4 Other Strategies 

Several other mechanisms have been reported to 
be involved in nigral cell death in patients with PD. 
These include a possible role for MPTP-like bio- 
activated neurotoxins and abnormalities in the en- 
zymes regulating the metabolism of xenobiotic 
substances, particularly the hepatic cytochrome 
P450 system.' 77 - 78 ! These observations led several 
investigators to propose that the evolution of the 
disease could be prevented via various methods, 
which were recently reviewed in CNS Drugs:™ 
MAO inhibitors, dopamine transporter blockers, 



glutamate receptor antagonists, calcium antagonists, 
glutathione-type drugs and neurotrophic factors' 78 ! 
(table IV). 

Growth factors (e.g. basic fibroblast growth fac- 
tor) have been shown to have potent effects on 
grafted dopamine neurons in rats with experimen- 
tal PDJ 79 l This kind of study also suggests new 
approaches for enhancing the survival and function 
of dopamine neuron grafts. However, no clinical 
data are yet available. 

Moreover, as discussed in section 3.2.1, new 
clinical methodologies for investigating a new 
drug with putative neuroprotective properties need 
to be developed. 

3.3 Prevention and Early Diagnosis 

The most important medical challenge in PD 
is to prevent the occurrence of the disease. The 
first area of this research is the study of drugs and 
toxins known to cause parkinsonism. In fact, of 
the secondary parkinsonisms, the most frequently 
observed clinical situation is drug-induced parkin- 
sonism. It is often difficult to clinically differentiate 
idiopathic and drug-induced parkinsonism. Recent 
data indicate that, besides classical antipsychotics, 
parkinsonism can also be caused by calcium antag- 
onists and some psychotropic and cardiotropic 
drugs.t 80 ! 

The drugs listed in table V must be avoided in 
patients with PD. Investigations into the mecha- 
nism of drug-induced parkinsonism could lead to 
new discoveries in the pathophysiology of the dis- 
ease. For example, it has been shown that haloper- 
idol and chlorpromazine inhibit complex I in vitro 
in rat brain mitochondria as well as in platelets. 180 ? 

It would also be advantageous to be able to de- 
tect idiopathic PD before symptoms develop. Sev- 
eral techniques, such as radioimaging (positron 
emission tomography or single photon emission to- 
mography), physiological and biochemical tests, 
are currently being studied but no definite conclu- 
sions can be reached at present. I 81 - 82 ) 
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Table V. Summary of the main data concerning drug-induced parkinsonism (from Montastruc et ai.J 80 ! with permission) 



Pharmacological class 


Drugs 


Intensity of the 
parkinsonian syndrome 


Mechanism of action 


Comments 


Antiadrenergic drugs 
Antipsychotics 


Reserpine 

Tetrabenazine 

Phenothiazines 

Butyrophenones 


+++ 

+-H- 

++ 
+++ 


Oeplete dopamine stores 
Deplete dopamine stores 
Dopamine receptor 
blockade 

Dopamine receptor 
blockade 






Thioxanth enes 


++ 


Dopamine receptor 
blockade 






Oibutytpiperidines 


+++ 


Dopamine receptor 
blockade 






Benzamides 
Clozapine . 


+ 

0 to + 


Dopamine receptor 

Dopamine receptor 
blockade/antimuscarinic 


Very rare with metopimazine 
ana aompenoone 


Antihypertensives 
Calcium antagonists 


Loxapine 

Methyldopa 
Runarizine 


++ 

0to + 
0to + 


properties 
Dopamine receptor 
blockade 

False neurotransmission 
Dopamine receptor 


Rare 

Very rare with diitiazem or 


Antidepressants 
Antiarrhythmics 


Cinnarizine 

Ruoxetine 
Amiodarone 


0to + 

0to + 
0to + 


blockade 

Dopamine receptor 
blockade 

? 
? 


verapamil; dihydropyridines are 
also unlikely to cause this effect 

Not with imipramine derivatives 
Yet to be confirmed 



drug-induced parkinsonism remains to be determined. 



■ indicates very marked; ? indicates that the mechanism of 



4. Conclusions 

New strategies for improving the treatment of 
PD are currently under development. These in- 
clude drugs acting on the classical pharmacologi- 
cal target in PD (the nigrostriatal dopamine sys- 
tem): controiled-release preparations of levodopa, 
COMT inhibitors and new dopamine agonists, as 
well as new routes of administration of established 
dopaminergic drugs. A second goal is to find drugs 
that improve or correct symptoms resistant to levo- 
dopa therapy, such as freezing, falls and orthostatic 
hypotension. Thirdly, the major challenge remains 
to find a true neuroprotective drug in order to retard 
or prevent free radical damage. 

Finally, the management of PD must aim to 
maintain an equilibrium between the satisfactory 
control of extrapyramidal symptoms and the long- 
term effects of levodopa administration. The 2 
most exciting challenges in the future pharmaco- 



logical approach to PD may lead to: (i) the devel- 
opment of effective antiparkinsonian drugs that do 
not exhibit the long-term adverse effects associ- 
ated with levodopa (abnormal movements, fluctu- 
ations in performance, psychosis); and (ii) the in- 
troduction of true 'antidyskinetic' agents that do 
not aggravate extrapyramidal symptoms, as is the 
case with currently available antipsychotics. 

These points underline the need for new, effec- 
tive drugs and new clinical methodologies for drug 
evaluation, in addition to well-performed, long- 
term pharmacoepidemiological trials to test the nu- 
merous hypotheses raised by the growing field of 
basic neuroscience. 

Acknowledgements 

The authors would like to thank Mrs P. Bontemps for her 
meticulous preparation of the manuscript. 



© Adis International Limited. All rights reserved. 



Drugs & Aging 1 996 Sep; 9 (3) 



182 



Montastruc et ai 



References 

1. Agid Y, Javoy-Agid F. Ruberg M. Biochemistry of neuro- 

transmitters in Parkinson's disease. In: Marsden CD. Fahn S, 
editors. Movement disorders. Vol. 2. New York: Raven Press, 
1987: 166-230 

2. Hirsch EC. Biochemistry of Parkinson's disease with special 

reference to the dopaminergic systems. Mol Neurobiol 1994; 
9: 135-42 

3. Agid Y, Cervera P. Hirsch E. Biochemistry of Parkinson's dis- 

ease 28 years later: a critical review. Mov Disord 1989; 4 
Suppl. l:SI26-44 

4. Montastruc JL. Recent advances in the clinical pharmacology 

of Parkinson's disease. Therapie 1991 ; 46: 293-303 

5. Albin RL, Young AB, Penney JB. The functional anatomy of " 

basal ganglia disorders. Trends Neurosci 1989; 12: 366-75 

6. Gibb WRG, Lees A. The relevance of Lewy body to the patho- 

genesis of idiopathic Parkinson's disease. J Neurol Neurosurg 
Psychiatry 1 988; 5 1 : 745-52 

7. Jankovic J. The relationship between Parkinson's disease and 

other movement disorders. In: Calne DB, editor. Drugs for the 
treatment of Parkinson's disease. Hand Exp Pharmacol 1988; 
88: 227-70 

8. Quinn N. Multiple system atrophy: the nature of the beast J 

Neurol Neurosurg Psychiatry 1989; Suppl.: 78-89 

9. Chase TN, Baronti F, Fabbrini G, et ai. Rationale for continuous 

dopaminomimetic therapy of Parkinson's disease. Neurology 
1989; 39 Suppl. 2:7-10 

10. Nutt JG, Fellman JH. Pharmacokinetics of levodopa. Clin Neu- 

ropharmacol 1984; 7: 35-49 

11. Riley D, Lang AE. Practical application of a low protein diet for 

Parkinson's disease. Neurology 1988; 38: 1026-31 

12. Kurlan R. Dietary therapy for motor fluctuations in Parkinson's 

disease. Arch Neurol 1987; 44: 1119-21 

13. Dempski RE, Scholtz EC, Obcrholtzer ER. et al. Pharmaceuti- 

cal design and development of a Sinemet controlled-release 
formulation. Neurology 1989; 39 Suppl. 2: 20-4 

14. Erni W, Held K. The hydrodynamically balanced system: a 

novel principle of controlled drug release. Eur Neurol 1987; 
27 Suppl. 1:21-7 

15. Deleu D, Jacques M. Controlled-release carbidopa/levodopa 

(CR) in parkinsonian patients with response fluctuations on 
standard levodopa treatment: clinical and pharmacokinetic 
observations. Neurology 1989; 39 Suppl. 2: 88-91 

1 6. Feldman RG, Mosbach PA, Kelly MR, et al. Double blind com- 

parison of standard Sinemet and Sinemet CR in patients with 
mild-to-moderate Parkinson's disease. Neurology 1989; 39 
Suppl. 2:96-100 

17. Marion MH, Stocchi F, Malcolm SL, et al. Single-dose studies 

of a slow-release preparation of levodopa and benserazide 
(Madopar HBS) in Parkinson's disease. Eur Neurol 1 987; 27 
Suppl. 1:28-35 

1 8. Rondot P, Ziegler M, Aymard N, et al. Clinical trial of Madopar 

HBS in parkinsonian patients with fluctuating drug response 
after long-term levodopa therapy. Eur Neurol 1987; 27 Suppl. 
1:114-9 

19. Rinne UK, Rinne JO. Treatment of early Parkinson's disease 

with controlled-release levodopa preparations. Neurology 
1989; 39 Suppl. 2: 78-81 

20. Sage J I, Trooskin S, Sonsalla PK, et al. Experience with contin- 

uous enteral levodopa infusions in the treatment of 9 patients 



© Adis International Limited. All rights reserved. 



with advanced Parkinson's disease. Neurology 1989; 39 
Suppl. 2: 60-2 

2 1 . Sabel BA. Domini ak P. Hauser W. Levodopa delivery from con- 

trolled-release polymer matrix: delivery of more than 600 
days in vitro and 225 days of elevated plasma levels after 
subcutaneous implantation in rats. J Pharmacol Exp Ther 
1990;255:914-22 

22. Parkes JD, Tarsy D, Marsden CD. Amphetamines in the treat- 

ment of Parkinson's disease. J Neurol Neurosurg Psychiatry 
1975;38:232-37 

23. Bailey EV, Stone TW. The mechanism of action of amantadine 

in parkinsonism: a review. Arch Int Pharmacodyn 1976; 216: 
246-62 

24. Starr MS, Starr BS. Locomotor effects of amantadine in the 

mouse are not those of a typical glutamate antagonist J Neural 
Transm Park Dis Dement Sect 1995; 9: 31-43 

25. Atre-Vaidya N, Jampala VC. Electroconvulsive therapy in par- 

kinsonism with affective disorder. Br J Psychiatry 1988; 152: 
55-8 

26. Golbe LI, Langston JW, Shoulson I. Selegiline and Parkinson's 

disease: protective and symptomatic considerations. Drugs 
. 1990;39:646-51 

27. Gerlach M, Riederer P, Youdim MBH. The molecular pharma- 

cology of L-deprenyl. Eur J Pharmacol Mol Pharmacol 1992; 
226: 97-108 

28. Lees AJ, Parkinson's Disease Research Group of the United 

Kingdom. Comparison of therapeutic effects and mortality 
data of levodopa and levodopa combined with selegiline in 
patients with early, mild Parkinson's disease. BMJ 1995; 3 il : 
1602-7 

29. Dubois B, Montastruc JL. Association levodopa + selegiline et 

augmentation du risque de mortality dans le traitement de la 
maladie de Parkinson. Rev Neurol Paris 1996; 152: 103-5 

30. Montastruc JL, Chamontin B, Senard JM, et al. Pseudo- 

phaeochromocytoma in parkinsonian patient treated with 
fluoxetine plus selegiline. Lancet 1993; 341: 555 

31. Fowler JS, Volkow ND, Logan J, et al. Monoamine oxidase B 

(MAO B) inhibitor therapy in Parkinson's disease: the degree 
and reversibility of human brain MAO inhibition by RO 19. 
632. Neurology 1 993; 43: 1 984-92 

32. Montastruc JL, Baldy-Moulinier M, Lees AJ, et al. MDL 72,974 

A: a new selective inhibitor of MAO B in Parkinson's disease 
[abstract]. New Trends Clin Neuropharmacol 1994; 8: 275 

33. Mannisto PT, Kaakkola S. Rationale for selective COMT inhib- 

itors as adjuncts in the drug treatment of Parkinson's disease. 
Pharmacol Toxicol 1990; 66: 317-23 

34. Mannisto PK. Clinical potential of catechol-0-methyltransferase 

(COMT) inhibitors as adjuvants in Parkinson's disease. CNS 
Drugs 1994; I: 172-9 

35. Merello M, Lees A J, Webster R, et al. Effect of entacapone, a 

peripherally acting catechol-O-methyltransferase inhibitor, 
on the motor response to acute treatment with levodopa in 
patients with Parkinson's disease. J Neurol Neurosurg Psychi- 
atry 1994; 57: 186-9 

36. Limousin P, Pollak P, Pfefen JP, et al. Acute administration of 

levodopa-benserazide and tolcapone, a COMT inhibitor, in 
Parkinson's disease. Clin Neuropharmacol 1995; 18: 258-65 

37. Blanche! PJ, Gomez-Mancilla B, Di Paolo T, et al. Is striatal 

dopaminergic receptor imbalance responsible for levodopa- 
induced dyskinesia? Fundam Clin Pharmacol 1 995; 9: 434-42 



Drugs & Aging 1996 Sep; 9 (3) 



aL \ Parkinson's Disease: New Directions 

* ^ 183 



39 

:on- 
500 
ftcr 
her 

:at- 
itry 

ine 
16: 

:hc 
ral 

ir- 

i2: 

i's 
gs 

a- 

2; 

:d 

ty 

in 

I: . 

:t 
a 



38. Montastruc JL, Rascol O, Senard JM. Current status of dopa- 

mine agonists in Parkinson's disease management. Drugs 
1993; 46: 384-93 

39. Jenner P. The rationale for the use of dopamine agonists in 

Parkinson's disease. Neurology 1995; 45 Suppl. 3: S6-12 

40. Montastruc JL, Rascol O, Rascol A. A randomized controlled 

study of bromocriptine versus levodopa in previously untreated 
parkinsonian patients: a 3 year follow-up. J Neurol Neurosurg 
Psychiatry 1989; 52: 773-5 

41. Rinne UK. Early combination of bromocriptine and levodopa 

in the treatment of Parkinson's disease: a 5-year follow up 
Neurology 1987;37:826-8 

42. Montastruc JL, Rascol O, Senard JM, et al. A randomized con- 

trolled study comparing bromocriptine to which levodopa 
was later added with levodopa alone in previously untreated 
patients with Parkinson's disease: a five, year follow-up. J 
Neuroi Neurosurg Psychiatry 1994; 57: 1034-8 

43. Lees AJ. Dopamine agonists in Parkinson's disease: a look at 

apomorphine. Fundam Clin Pharmacol 1993; 7: 121-8 

44. Piccoli F, Riuggeri RM. Dopaminergic agonists in the treatment 

of Parkinson's disease: a review. J Neural Transm 1995- 45 
Suppl.: 187-95 

45. Rabey JM. Second generation of dopamine agonists: pros and 

cons. J Neural Transm 1995; 45 Suppl.: 213-24 

46. Rascol O, Lees AJ, Senard JM, etai. A placebo-controlled study 

of ropinirole, a new D2 agonist, in the treatment of motor 
fluctuations of 1-dopa-treated parkinsonian patients. Adv 
Neurol 1996;69:531-4 

47. Sokoloff P, Martres MP, Schwartz JC. La famille des recepteurs 

de la dopamine. Med Sci 1993; 9: 12-20 

48. Bedard PJ, Gomez-Mancilla B, Blanchet P, et al. Dopamine-re- 

ceptor families and the treatment of Parkinson's disease. Clin 
Neuropharmacol 1 995; 1 8 Suppl. 1: SI 78-87 

49. Emre M, Rinne UK. Rascol A, et al. Effects of a selective partial 

D 1 agonist CY 208-243, in de novo patients with Parkinson's 
disease. Mov Disord 1992; 7: 239-43 

50. Montastruc JL, Fabre N, Blin O, et aJ. Does fluoxetine aggra- 

vate Parkinson's disease? A pilot prospective study [letterj 
Mov Disord 1995; 10: 355-7 

51. Bartholin! G, Scatton B, Zivkovic B, et al. Gaba receptor ago- 

nists and extrapyramidal motor function: therapeutic impli- 
cation for Parkinson's disease. Adv Neurol 1986; 45: 79-83 

52. Rascol O, Fabre N, Blin O, et al. Naltrexone, an opiate antag- 

onist, fails to modify motor symptoms in patients with Par- 
kinson's disease. Mov Disord 1994; 9: 437-40 
.53. Narabayashi H, Kondo T, Yokichi F, et al. Clinical effects of 
L-threo-3,4-dihydroxyphenylserine in parkinsonism and pure 
akinesia. Adv Neurol 1 986; 45: 593-602 

54. Kaufman H, Oribe E. Yahr MD. Treatment of orthostatic hypo- 

tension with !-threo-3,4-dihydrophenylserine. In: Narabayashi 
H, Mizuno Y, editors. Norepinephrine deficiency and its treat- 
ment with 1-threo-dops in Parkinson's disease and related dis- 
orders. London: Parthenon Publishing Group. 1993: 97-104 

55. Colpaert FC. Noradrenergic mechanisms in Parkinson's dis- 

ease: a theory. In: Briley M. Marien M, editors. Noradrenergic 
mechanism in Parkinson's disease. Boca Raton (FL)* CRC 
Press, 1994:225 

56. Mavridis M, Degryse AD, Lategan AJ, et al. Effect of locus 

coemleus lesion on parkinsonian signs, striatal dopamine and 
substantia nigra cell loss after l-methyl-4 phenyl- 1. 2,3,6 



tetrahydropyridine in monkeys: a possible role for the locus 
coeruleus in the progression of Parkinson's disease. Neuro- 
science 1991;41:507-23 

57. Trendelenburg AU, Starke K, Limberger N. Presynaptic alpha 

2A-adrenoceptors inhibit the release of endogenous dopa- 
mine in rabbit caudate nucleus slices. Naunyn Schmiedebergs 
Arch Pharmacol 1994; 350: 473-8 1 

58. Peyro-Saint-Paul H, Rascol O, Blin O, et al. A pilot study of 

idazoxan, an a!pha2-amagonist in Parkinson's disease 
[abstract]. Therapie 1995; 50 Suppl.: SI 7 1 

59. Greenamyre JT, O'Brien F. /V-Methyl-D-aspartate antagonists 

in the treatment of Parkinson's disease. Arch Neurol 1991' 
48: 977-81 

60. Montastruc JL, Rascol O, Senard JM, et al. A pilot study of 

Af-methyl-D-aspartate (NMDA) antagonists in Parkinson's 
disease. J Neurol Neurosurg Psychiatry. 1992; 55: 630-1 

61. Montastruc JL, Fabre N, Rascol O, etal. W-Methyl-D-aspartate 
• (NMDA) antagonists and Parkinson's disease: a pilot study 

with dextromethorphan. Mov Disord 1994; 9: 242 

62. Diederich N, Keipes M, Graas M, et al. La clozapine dans le 

traitement des manifestations psychiatriques de la maladie de 
Parkinson. Rev Neurol 1995; 151: 251-7 

63. Rabey JM, Treves TA, Neufeld MY, et al. Low-dose clozapine 

in the treatment of Ievodopa-induced mental disturbances in 
Parkinson's disease. Neurology 1995; 45: 432-4 

64. Tranchant C, Wees C, Warier JM. Maladie de Parkinson idi- 

opathique et fonctions mitochondriales. Rev Neurol (Paris) 
1995;151:157-60 

65. Shouison I. Neuroprotective clinical strategies for Parkinson's 

disease. Ann Neurol 1992; 32: S 143-5 

66. Birkmayer W, Knoll J, Riederer R et al. Increased life expec- 

tancy resulting from addition of L-deprenyl to Madopar treat- 
ment in Parkinson's disease: a long term study. J Neurol 
Transm 1985; 7: 113-27 

67. Tetrud JW, Langston B. The effect of deprenyl (selegiline) on 

the natural history of Parkinson's disease. Science 1989; 245: 
519-22 

68. Parkinson's Study Group. Effects of tocopherol and deprenyl 

on the progression of disability in early Parkinson's disease. 
N Engl J Med 1993; 328: 178-83 

69. Jankovic J. Neuroprotection: a reachable therapeutic goal? In: 

Stern BM, editor. Beyond the decade of the brain. Tunbridge 
Wells: Wells Medical Ltd, 1994: 109-27 

70. Olanow CW, Hauser RA, Gauger L, et al. The effect of deprenyl 

and levodopa in the progression of Parkinson's disease. Ann 
Neurol 1995; 38: 771-7 

71. Myllyla VV, Heinonen EH, Vuorinen J A, et al. Long-term ef- 

fects of deprenyl in Parkinson's disease [abstract]. Mov Dis- 
ord 1994; 9 Suppl. 1:4 

72. Brannan T, Yahr MD. Comparative study of selegiline plus L- 

dopa-carbidopa versus L-dopa-carbidopa alone in the treat- 
ment of Parkinson's disease. Ann Neurol 1995; 37: 95-8 
Clow A. Hussain T, Glover V, et al. Pergolide can induce soluble 
superoxide dismutase in rat striata. J Neural Transm 1 992- 90- 
27-31 

74. Felten DL, Felten SY, Fuller RW. et al. Chronic dietary pergol- 

ide preserves nigrosiriatal neuronal integrity in aged-Fisher- 
344 rats. Neurobiol Aging 1992: 13: 339-51 

75. Asanuda M. Ogawa N. Nishibayashi S, et al. Protective effects 

of pergolide on dopamine levels in (he 6-hydroxydopaminc- 



73 



© Adis International Limited. AD rights reserved. 



Drugs & Aging 1996 Sep: 9 (3) 



Montastruc et al. 



lesioned mouse brain. Arch lnt Pharmacodyn Ther 1995; 329: 
221-30 

76. Ogawa N, Tanaka K. Asanuma M, ct al. Bromocriptine protects 

mice against 6-hydroxydopamine and scavenges hydroxyl 
free radicals /'// vitw. Brain Res 1 994; 657: 207-1 3 

77. Jenner P. Oxidative damage in neurodegenerative disease. Lan- 

cet 1994; 344: 796-8 

78. Mizuno Y, Mori H, KondoT. Potential of neuroprotective ther- 

apy in Parkinson's disease. CNS Drugs 1994; 1: 45-56 

79. Takayama H, Ray J, Raymon HK, et al. Basic fibroblast growth 

factor increases dopaminergic graft survival and function in 
a rat model of Parkinson's disease. Nature Med 1995; 1 : 53-8 

80. Montastruc JL, Llau ME. Rascol O, et al. Drug-induced parkin- 

sonism: a review. Fundam Clin Pharmacol 1994; 8: 293-306 



81. Oertel WH. Parkinson's disease: epidemiology, (differential) 

diagnosis, therapy, relation to dementia. Arzneimittel 
Forschung 1995;45:386-9 

82. Calne DB. Early detection of idiopathic parkinsonism. In: Sern 

MBMB, editor. Beyond the decade of the brain. Vol. 1. 
Tunbridge Wells: Wells Medical Ltd, 1994: 89-94 



Correspondence and reprints: Professor J.L Montastruc, 
Laboratoire de Pharmacologic MMicale et Clinique, IN- 
SERM U317, Faculte de Medecine, 37 allees Jules-Guesde, 
31073 Toulouse Cedex, France. 



© Adis International Limfred. All rights reserved. 



Drugs & Aging 1996 Sep; 9 (3) 



EXHIBIT N 



I 



INTRODUCTION 



0>4 



The Natural History of Parkinson's Disease 

1 ft ^ w - H. Poewe, MD, and G. K. Wenning, MD, PhD 



There are sail insufficient data on the natural course of Parkinson's disease (PD) owing to lack of standardized lonjrf- 
mdmal foUow-up stodies. Reported progression rates in early PD vary considerably by a factor of 2 to 3. Similarly, data 
^sequent^ rPldopa PET studies in PD patients have produced variable decline rates of PET indices ranging 
between 7 and 70% per decade. Risk factors for rapid progression include old age at onset, concomitant major depre^ 
sion, dementia, and akmetic-ngid symptom presentation. The introduction of levodopa into the routine treatment of PD 
patients had a dramatic impact on symptomatic control without affecting the underlying rate of disease progression. By 
oaatta* monoamine oxidase (MAO) B inhibition by deprenyl monotherapy in early PD was shown to delay the need 
tor levodopa by around 9 months. However, the neuroprotective action disappeared after 2 years of follow-up. Further- 
more, deprenyl also faded to influence the subsequent development of levodopa-induced motor complications. Available 
studies on mortality in PD provide heterogeneous mortality rates, probably because of discrepancies between patient 
Populanons with resect, o comorbidity, disease stage at study entry, and diagnostic accuracy. However, the most recent 
follow-up - from the DATATOP cohort suggests normal life expectancy in carefully selected patients without significant 
co-morbidity and with adequate treatment and expert follow-up. 

Poewe WH, Penning GK. The natural history of Parkinson's disease. Ann Neurol 1998;44(SuppI 1):S1-S9 



Despite the many recent advances in the symptomatic 
treatment of Parkinsons disease (PD), there is still no 
realistic prospect for a cure. Although much effort has 
been directed toward the development of neuroprotec- 
tive strategies that would modify the progression of dis- 
ease, no candidate has yet emerged for which clinical 
studies have demonstrated any long-lasting and dra- 
matic effect on the course of the illness. At the same 
rime, there are still insufficient data concerning the 
natural course of the illness, because longitudinal 
follow-up observations according to modern standards 
were not possible in the pre-levodopa era. Current ar- 
eas of uncertainty include the possible duration of a 
pre-clinical phase of PD, whether or not progression of 
clinically oven disease is linear or exponential, how to 
define and recognize distinct subtypes of the disease 
with different progression characteristics, and the risk 
factors and predictors for different rates of progression 
of disability. These are important issues to be addressed 
in attempting to design treatments that will hold or 
retard the underlying disease process. This article re- 
views some of the available evidence on the natural his- 
tory of PD. 

Progression of Motor Disability in 
Untreated PD 

Hoehn and Yahr's clinical study of 856 patients with 
parkinsonism who were followed at the Columbia- 
Presbyterian Medical Center, which was published in 



1967 just before the introduction of levodopa, provides 
important information regarding the natural history of 
untreated parkinsonism. 1 The authors rated the degree 
and progression of motor disability in a subgroup of 
183 patients using the now well-established Hoehn- 
Yahr (HY) scale. Advanced disease corresponding to 
HY stages IV (severely disabling disease, patient still 
able to walk and stand unassisted but markedly inca- 
pacitated) and V (confinement to bed or wheelchair 
unless aided) was documented in 16% of patients with 
a disease duration of less than 5 years, increasing to 
37% and 42% of patients with disease durations up to 
10 and 15 years, respectively. Median delays before 
reaching HY stages IV and V were 9.0 ± 7.2 and 
14.0 ± 3.4 years, respectively (Table 1). Although 
more severe HY stages were associated with longer du- 
ration of disease, there was a remarkable variation of 
progression of disability. Hoehn and Yahr observed 
that 26 of 70 (37%) patients whose illness had been 
present less than 5 years had reached stage III or be- 
yond. Conversely, of all patients with a duration of ill- 
ness 10 years or longer, 20 of 59 (34%) were still in 
stages I and II. These findings suggest heterogeneity of 
disease progression in PD. However, the patients of 
this early series were not diagnosed according to vali- 
dated clinical criteria, and a considerable proportion of 
patients with atypical parkinsonism may therefore have 
been included. Hoehn and Yahr also determined the 
extent of motor disability and death in a longitudinal 
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Table 1. Progression of PD 



Reference 


HY Stage I 


HY Stage n ' 


HY Stage HI 


HY Stage IV 


HY Stage V 


l a 

2 b 


3.0 ±7.1 
Not available 


6.0 ± 6.9 
2.9 ± 0.2 


7.0 ±6.3 
5.5 ±0.3 


9.0 ± 7.2 
7.5 ± 0.6 


14.0 ± 3.4 
9.7 ±1.0 



^Median disease durations (±1 SD) at successive Hoehn and Yahr (HY) stages in years. 
Mean disease durations (±1 SD) at successive Hoehn and Yahr (HY) stages in years. 



follow-up survey of 271 patients. Almost one-third 
(28%) of padents became severely disabled or died 
within 5 years of disease onset. This ratio rose to 61% 
(up to 10 years of disease duration) and 90% (more 
than 15 years of disease duration). 

Similar findings were subsequendy reported in 1977 
by Manilla and Rinne, 2 who studied the disability and 
progression of PD in southwest Finland, including 
91% of all known cases in this area. Patients with uni- 
lateral parkinsonism (HY stage I) developed bilateral 
features after a mean of 2.9 years. The HY stages III, 
IV, and V were each reached after a mean of 2 to 2.5 
years, with stage V occurring 10 years after disease on- 
set (Table 1). The time intervals between the different 
HY stages showed marked variation throughout the en- 
tire disease course, eg, from 0 to 30 years for bilater- 
alization of parkinsonism (HY stage I to stage II). The 
speed of progression remained rather constant for indi- 
vidual patients. There was a correlation of the time in- 
terval between HY stages I and II and progression to 
advanced disability (HY stages III-V). 

Taken together, these findings from the pre- 
-levodopa era seem to suggest a rather unfavorable 
course of PD, with a mean delay of 10 to 15 years 
before patients become severely disabled or die. At the 
same time, the data point to marked heterogeneity of 
disease progression, which is not likely to be com- 
pletely accounted for by lack of strict diagnostic criteria 
in these surveys. 

Somatotopic Progression of PD 

It is generally accepted that progression of motor 
symptoms in PD reflects advancing nigral pathology. 3 
Neuron loss within the substantia nigra in PD occurs 
in an uneven fashion, with neurons in the ventrolateral 
tier being most severely depleted. 4,5 Projections of sub- 
stantia nigra neurons to the patch areas of the putamen 
mainly arise in the ventral tier, with a mediolateral to- 
pographic distribution of nigroputaminal patch input. 6 
A distinct rostrocaudal and mediolateral distribution of 
corticoputaminal motor projections was demonstrated 
autoradiographically in primates. 7 The foot field ex- 
tends rostrodorsally and the arm fields caudoventrally 
in the putamen. Kish tt al. 8 found an uneven pattern 
of dopamine loss in the striatum of human PD pa- 
tients, with pronounced loss in the dorsal and caudal 



parts of the putamen. On the basis of this finding, they 
concluded that a disturbance of motor control in the 
leg should be the first clinical sign of PD. Similar sug- 
gestions were made in a study of somatotopic progres- 
sion of levodopa-induced dyskinesias. 9 

We have examined aspects of somatotopic disease 
progression in a retrospective study involving 253 pa- 
tients with a clinical diagnosis of PD, according to es- 
tablished criteria, who underwent routine treatment 
and follow-up at our Movement Disorder Clinic over a 
10-year period. Initial symptoms were reported by the 
patients and/or their relatives at the first visit and cor- 
. roborated by neurologic examination. Six-monthly out- 
patient visits over the entire follow-up period included 
ratings on the Columbia Unified Rating Scale before 
1986 and the Unified Parkinson's Disease Rating Scale 
thereafter. As expected, tremor was the most common 
initial feature, constituting the presenting complaint in 
63% of patients. There was an unexpected laterality of 
the presenting symptoms, with initial complaints more 
often starting on the right compared to the left side 
(61% vs 39%). In patients with unilateral arm involve- 
ment, spread of symptoms to the homolateral leg oc- 
curred between 0.8 and 1.4 years from onset, whereas 
contralateral spread, corresponding to the transition 
from HY stage I to stage II, had slighdy longer delays 
of 2.1-3.4 years (Fig 1). 

Interestingly, James Parkinson in his original mono- 
graph 10 noted similar latencies for bilateral progression 
of symptoms when he described his case 6: "About 
eleven or twelve, or perhaps more, years ago, he first 
perceived weakness in the left hand and arm, and soon 
after found the trembling commence. In about three 
years afterwards the right arm became affected in a 
similar manner . . . 

The fact that ipsilateral progression of symptoms oc- 
curred before first signs appeared contralaterally might 
indicate accelerated progression of nigral pathology 
once the symptomatic threshold has been reached com- 
pared to the rate of presymptomatic nigral cell loss. 
The unexpected finding of preferential right-sided over 
left-sided presentation is difficult to explain, and fur- 
ther studies of somatotopic disease progression in the 
initial phase of PD appear to be warranted. In keeping 
with the notion of unilateral or asymmetrical disease 
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right 
n = 125 




Fig 1. Somatotopic progression of parkinsonian features in 
patients with disease onset in either right or left upper limb. 
Mean latencies (years) to involvement of second extremity are 
shown. 

onset, longitudinal follow-up studies suggest that one 
side of the body tends to be affected predominandy 
and persistently throughout the course of illness. 11 

Rates of Progression in Early PD 

The concept of neuroprotective treatment in PD has 
prompted careful monitoring of clinical indices of dis- 
ease progression in studies of putative neuroprotective 
agents. The largest of these trials, the Deprenyl and 
Tocopherol Antioxidative Therapy of Parkinsonism 
(DATATOP) 12-16 was a controlled clinical trial de- 
signed to examine the effects of deprenyl and tocoph- 
erol in 800 patients with early PD (HY stages I and II, 
<5 years disease duration) who were not receiving or 
requiring any antiparkinsonian medications. By use of 
a 2 X 2 factorial design, patients were assigned ran- 
domly to either placebo, deprenyl (10 mg/day), to- 
copherol (2,000 IU/day), or both, and were followed 



to determine if and when levodopa treatment was re- 
quired (primary end point). On the basis of DATA- 
TOP study results, it is possible to determine average 
annual rates of decline of motor function in 353 pa- 
tients with levodopa-naive PD (placebo or tocopherol 
plus placebo treatment) over a mean follow-up period 
of 16 ± 6 months. Of these patients, 120 did not 
reach the end point and were followed for a mean of 
21 ± 4 months ("survivors"). Annual rates of decline 
in motor function are shown in Fig 2. Linear extrapo- 
lation of these progression rates would lead to severe 
disability over a period of 10 years, similar to earlier 
observations in untreated parkinsonism. 1 In contrast, 
in the DATATOP survivor groups who had not 
reached the primary end point, ie, motor disability re- 
quiring levodopa substitution, annual progression of 
motor disability, as measured by UPDRS part III 
scores, was markedly slower compared to the total pa- 
tient cohort (Fig 2). 

Similar observations have been made regarding 
changes in the UPDRS score followed over a treatment 
period of 12 months in 101 patients with untreated 
early PD who were receiving treatment with levodopa 
or bromocriptine combined with placebo or deprenyl 
in a four-arm treatment study. 17 If deprenyl patients 
are excluded for possible neuroprotective effects of this 
drug, the calculated annual rates of decline in UPDRS 
motor scores are on the order of 4% of the maximum 
score value in bromocriptine- or levodopa-treated pa- 
tients, similar to the more slowly progressing survivors 
of the DATATOP study. 

Slower rates of motor deterioration were observed in 
a clinical study of 238 patients with PD who were 
treated with levodopa and/or bromocriptine, a small 
number also receiving deprenyl. 18 The investigators re- 
stricted their analysis to UPDRS bradykinesia subscores 
during defined a ofP periods (10-12 hours after stop- 
ping all antiparkinsonian drugs). Given an average dis- 
ease duration of 8.3 ± 5.8 years, the rate of progres- 
sion of bradykinesia was 0.118 per year, corresponding 



% maximum score 




Fig 2. Annual rates of decline of Uni- 
fied Parkinsons Disease Rating Scale 
(UPDRS) subscores in early PD. Data 
derived from the Parkinson Study 
Group. 13 ADL = activities of daily 
living (UPDRS part I); ME = motor 
examination (UPDRS part II); all = 
levodopa-naive treated with placebo or 
placebo plus tocopherol; survivors — 
patients not requiring levodopa at end 
point of study. 
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to 0.49% of the maximum attainable bradykinesia 
score of 24. However, as a function of duration, the 
bradykinesia score initially advanced rapidly, with an 
annual rate of decline of 3.5% in the first year, which 
fell to 1.5% in the tenth year after symptom onset. 
The available studies therefore indicate that the annual 
rate of progression of motor disturbance during the 
early stages of the disease may vary by a factor of 2 to 3. 

It is intriguing that annual rates "of decline of clinical 
motor indices were considerably slower in two studies 
that exanained patients receiving dopaminergic thera- 
py ' compared to the speed of progression of un- 
treated patients from the DATATOP trial, at least if 
one looks at those who reached the end point. 13 
Whether or not this indicates some "neuroprotective" 
effect of dopamine replacement is open to speculation. 

Furthermore, most of the clinical evidence suggests 
that progression of motor disability may be more rapid 
early in the disease compared to the later stages. In the 
seminal Hoehn and Yahr study, 1 short symptom dura- 
tion of less than 4 years was most commonly observed 
in stages I— III, and with each progressive stage of se- 
verity the proportion of patients with longer disease 
duration grew. Similarly, Bonnet et al., 19 in a cross- 
sectional study of 193 PD inpatients, found that most 
of the disease progression occurred in the first 9 years 
of disease. Basal scores after drug withdrawal increased 
steadily up to a disease duration of 9 years and showed 
litde change thereafter. 

In accordance with such clinical observations, Mor- 
rish and colleagues, 20 using sequential [ 18 F]dopa PET 
scans in two groups of patients with short and long 
disease duration, found evidence for a faster annual 
rate of reduction of the putamen QQ in patients with 
recent onset compared to those with longer duration of 
disease. 



Rates of Nigral Cell Loss and Decline of 
Striatal [ 18 F]Dopa Uptake in PD 

It is widely accepted that the severity of motor symp- 
toms in PD is closely related to the degree of nigral cell 
depletion and associated striatal dopamine loss. Ac- 
cordingly, progression of motor disability should reflea 
rates of decline in number of substantia nigra neurons. 
According to a hypothesis originally put forward by 
Calne and Langston, 21 the progression of PD should 
follow the time course of age-related nigral neuronal 
attrition. The latter has been estimated to occur at a 
rate of close to 5% per decade in the UK Parkinsons 
Disease Society Brain Bank study by Fearnley and 
Lees, 5 which included 36 control brains from non- 
parkinsonian subjects aged 29-91 years at death. How- 
ever, it appears difficult to account for the substantial 
variability in rates of clinical progression of PD if aging 
is assumed to be the primary mechanism that accounts 



for the time course of functional decline. Fearnley and 
Lees 5 showed that the regional distribution of nigral 
cell loss observed with normal aging is fundamentally 
different from that in patients with various stages of 
PD. Whereas the lateral ventral tier of the substantia 
nigra was relatively spared in control subjects, it was 
most severely affected in PD patients. This study dem- 
onstrated a good correlation between duration of dis- 
ease and degree of nigral neuron loss. Decline of total 
and regional neuron counts increased exponentially 
with disease duration. In the first decade after disease 
onset, Fearnley and Lees 5 noted a 45% decrease in ni- 
gral cell counts, 10-fold greater than the rate of loss 
that could be accounted for by aging. Again, this post- 
mortem study supported clinical observations of a 
more rapidly advancing disease early in the course 
compared to later years. 

More recendy, [ 18 F]dopa PET measurements have 
been used as an in vivo approach to measurement of 
rates of progression of the underlying pathology in se- 
quential studies in PD patients. Although it is well es- 
tablished that putaminal [ 18 F]dopa uptake is correlated 
with clinical severity of symptoms, 20 the evidence that. 
[ FJdopa PET indices are a reflection of nigral cell 
count is far from certain. It is therefore possible that 
rates of decline of [ 18 F]dopa putaminal uptake in PD 
represent a more sensitive and objective means of 
studying progression of striatal dopaminergic dysfunc- 
tion but do not actually reflect advancing neuronal at- 
trition in the substantia nigra. 22 

Data from sequential [ 18 F]dopa PET studies in PD 
patients have produced conflicting results. Vingerhoets 
and colleagues 3 studied 16 PD patients and 10 control 
subjects, with an interstudy interval of 7 years. The 
striatahoccipital ratio declined by 7.8% per decade in 
patients compared to 3% in healthy controls, corre- 
sponding to an annual decline of striatal dopaminergic 
metabolic function of 0.78% of the normal mean. In 
contrast, Morrish 'and colleagues 20 reported a much 
more rapid progression of PET indices in a sequential 
study of 10 patients with recent-onset PD with a mean 
duration of 18 months and in seven patients with a 
longer disease duration of 71 months. Interstudy inter- 
vals were 15 and 18 months, and comparisons were 
made with 10 normal subjects who were scanned twice 
with a mean interval of 32 months. In this study, the 
average left to right putaminal [ 18 F]dopa influx con- 
stant (KJ was chosen as the. most consistent and reli- 
able measurement of striatal metabolism. The de- 
clined at an annual rate of 7% of the normal mean in 
both patient groups taken together. 

Preclinical Disease and Symptomatic Threshold 

A number of postmortem studies have attempted to 
estimate symptomatic thresholds of nigral cell loss be- 
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yond which parkinsonian symptoms would become 
clinically manifest. In an early study by Bernheimer 
and colleagues 23 the degree of reduction m mean stri- 
atal dopamine content in patients with a mean dura- 
tion of symptoms of more than 9 years led the authors 
to estimate that nigral cell count was likely to be re- 
duced by at least 50% at disease onset. Fearnley and 
Lees 5 calculated a symptomatic threshold of nigral cell 
loss of 69% of normal. Similar figures were reported by 
Paulus and Jellinger 24 for the lateral substantia nigra. 
These authors also found an early exponential attrition 
of nigral neurons, from which they concluded a short 
duration of a preclinical phase of around 4.7 years. As- 
suming a linear progression of PET indices, Morrish 
and colleagues 20 calculated a similar duration of a pos- 
sible preclinical period of PD in their sequential 
[ 18 F]dopa study of PD. The same assumption led to a 
considerably longer estimate in the study by Vinger- 
hoets et al., 3 with a possible preclinical period of PD of 
several decades. A similarly long latent phase of the ill- 
ness had also been postulated by Gibb et al. 25 when 
age-specific prevalence rates of incidental Lewy bodies 
in the substantia nigra were compared with those of 
age-specific prevalence rates of clinical PD. Further- 
more, concordance of monozygotic twins may require 
more than 20 years to become manifest, which could 
also be regarded as evidence for a long preclinical stage 
ofPD. 26 * 
Gonera et al 27 have recendy presented evidence for 
a prodromal phase of PD when health records* of 60 
patients with PD and 58 matched controls were com- 
pared over the decade before onset of classical PD. Pro- 
dromal symptoms occurring significandy more often in 
the pre-PD group compared to controls included 
mood changes, limb pain, paresthesias, and hyperten- 
sion. The duration of this prodromal phase was be- 
tween 4 and 6 years. 

Although the exact duration of a latent phase of PD 
therefore remains controversial, there is litde doubt 
about its existence, and it is the prime target period for 
neuroprotective treatment. Whereas both [ 18 F]dppa 
PET and 0-CIT SPECT scanning can detect pre- 
symptomatic nigrostriatal dopaminergic function, a 
widely applicable screening test for preclinical PD is 
still lacking. 



Impact of Drag Treatment on 
Disease Progression 

It is widely accepted that the introduction of levodopa 
into the routine treatment of patients with PD had a 
dramatic impact on the progression of disability and, at 
least initially, on the mortality of this disorder. When 
disease progression and mortality in 282 patients with 
PD receiving levodopa treatment is compared with a 



cohort of patients from the pre-levodopa area, 
Hoehn 28 found that levodopa-treated patients re- 
mained for 3 to 5 years longer in each stage of the HY 
scale compared to untreated patients. This is in con- 
trast to patients with levodopa-unresponsive parkinson- 
ism, such as multiple-system atrophy, whose progres- 
sion of disability corresponds to that of untreated 
PD. 29 Hoehn 28 also compared a number of patients 
who had died or had. become severely disabled for suc- 
cessive 5-year periods up to disease durations of 15 
years. In levodopa-treated patients, the percentage of 
those disabled or dead in each epoch of disease dura- 
tion was reduced by 30 to 50%. However, there was 
no detectable difference between treated and untreated 
patients in the actual rate of disease progression. 

More recendy, drug development has focused on 
agents that might modify the natural progression of 
PD. Such neuroprotective properties have been debated 
with respect to antioxidants including vitamin C, to- 
copherol, and deprenyl, as well as antiglutamate agents 
including amantadine, dopamine agonists, and neuro- 
nal growth factors. Thus far deprenyl is the only drug 
with some potential to modify rates of progression in 
early PD in properly controlled clinical trials. The 
available studies have provided evidence that (a) depre- 
nyl treatment of untreated patients with early PD may 
delay the need for levodopa by around 9 months and 
reduce the annual rates of decline of motor scores in 
the first 12 months of treatment by about 50% l2,133 °; 
(b) its modifying effect on disease progression is not 
sustained beyond 2 years of treatment 14 ; (c) prior treat- 
ment with deprenyl does not appear to influence the 
subsequent response to levodopa, including the devel- 
opment of motor fluctuations and dyskinesias 15 ; and 
(d) co-treatment with deprenyl is associated with a 
long-lasting reduction in daily levodopa requirements 
for follow-up periods of up to 5 years. 31 However, 
despite the initially encouraging results obtained with 
deprenyl there is as yet no treatment with a proven 
substantial impact on the clinical rate of progression 
ofPD. 



Factors Influencing Disease Progression 

Several authors have observed a less rapidly advancing 
disease in tremor dominant cases. For example, Mar- 
tilla and Rinne, 2 found that patients presenting 
predominandy with tremor carried a slighdy better 
prognosis than those presenting with any other parkin- 
sonian sign. Seventy percent of those patients starting 
with tremor remained in stages I and II compared to 
60% of those starting with other symptoms. A later 
study confirmed the more benign nature of tremor- 
dominant PD and observed a correlation between 
tremor and preserved mental state, early age at onset, 
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positive family history, and better prognosis. 32 Similar 
observations were also reported by Roos et al. 33 

In three recent clinical studies, age at onset emerged 
as an important factor determining disease progres- 
sion; 34 " 36 Rapid disease progression has been recog- 
nized in elderly PD patients and may be associated 
with increasing levodopa-unresponsive axial motor dis- 
ability, such as gait unsteadiness, freezing, and dysar- 
thria. 34 " 36 Although Lewy body pathology in substan- 
tia nigra appears to be similar in young- versus old- 
onset patients, 37 there is a striking difference in 'the 
prevalence of dementia between these groups of pa- 
tients. Among several large series in patients with 
young-onset (less than 40 years of age) PD of long du- 
ration (approximately 15 years) and advancing degree 
whose mean age was below 60 years, dementia was 
vanishingly rare. 38 " 40 

Cognitive decline has been shown to be associated 
with more rapid progression of disability in PD. Big- 
gins et al. 41 used serial assessments of cognition, mood, 
and parkinsonian disability over 54 months in a cohort 
of 87 PD patients and a control group of 50 matched 
healthy individuals. Dementia (DSM III-R) was ob- 
served in 6% of the patients at study entry and in 25% 
at the end of follow-up, yielding a 19% incidence, 
whereas none of the controls developed dementia. Pa- 
tients who became demented were older, had a longer 
duration of disease, were more likely to be male, and 
were disabled by PD at entry. PD patients with hallu- 
cinations related to dementia are at high risk of dying 
in nursing homes within few years after placement. 42,43 
Dementia may be linked to certain clinical subtypes 
of PD. In a series of 155 PD patients, severe dementia 
was recorded in 8%. Almost half of the demented pa- 
tients exhibited a predominandy akinetic-rigid syn- 
drome, as opposed to 19% of cases in the non- 
demented group. Tremor-dominant cases were not 
observed among the demented patients who were older 
and had a shorter disease duration than the non- 
demented. 44 Starkstein et al. 45 reported more severe 
disability as well as considerable cognitive decline in 
PD patients with major depression at study entry com- 
pared to patients with no or minor depression, indicat- 
ing that mood disorder may be another risk factor for 
progression of disability. 

Mortality 

In Hoehn and Yahr's series of 672 patients with pri- 
mary parkinsonism, 44% had died during the 
follow-up period, yielding a mortality ratio of 2.9 times 
that expected in the age-matched population. Average 
age at death was 67 years and the average duration of 
life after diagnosis was 9.4 (1-33) years. This was re- 
cently confirmed in a community-based study of 467 
elderly subjects, 42% of whom exhibited parkinsonian 



signs. 46 Over a mean follow-up of 9 years, 78% of 
these individuals with parkinsonism had died. Adjusted 
for age and sex, their overall risk for death was 2.0 
times that of persons without parkinsonism in the 
same cohort. Gait disorder was most closely associated 
with increased mortality in the parkinsonian subjects. 

However, the Columbia-Presbyterian experience 
may not have been representative of the entire parkin- 
sonian population. Nobrega et al. 47 found the mortal- 
ity to be increased by 1 .6-fold in parkinsonian patients 
in Rochester, Minnesota, between 1935 and 1966. An 
earlier analysis of this same population by Kurland 48 
had found an even lower excess mortality of 1.4 1. The 
difference between clinic surveys such as the study by 
Hoehn and Yahr and population surveys such as those 
performed in Rochester, Minnesota, should be kept in 
mind when attempts are made to compare studies. 

The introduction of levodopa had a striking effect 
on the excess mortality observed in untreated patients 
with PD. Hoehn 28 reported a mortality ratio of 1.5 in 
182 patients seen within 2 years of disease onset after 
1968, when levodopa became available. Hence, com- 
pared to the 1967 study mortality was reduced by half. 
Hoehn suggested that the life expectancy with parkin- 
sonism was close to that of the general population. 
Similar mortality ratios in treated patients were re- 
ported by Yahr 49 and Shaw et al. 50 Diamond and col- 
leagues 51 have indicated that mortality in levodopa- 
treated patients is positively correlated with the delay 
before starting treatment. Several studies have shown 
that the effects of levodopa on mortality are apparent 
in the early years of the disease but that mortality 
rises later in the disease course despite levodopa 
therapy. 51 " 53 

However, all but one survival study in patients with 
parkinsonism have recruited their patients from special- 
ist centers, and only three studies have compared the 
mortality of parkinsonian patients with matched con- 
trol subjects. 56 * Ben Shlomo and Marmot 56 reported 
a mortality ratio of 2.6 in their cohort of 220 parkin- 
sonian patients, controlling for age, sex, and geographic 
region. Both ischemic heart disease and cerebrovascular 
disease were associated with significandy elevated haz- 
ard ratios. However, because their patients were re- 
cruited between 1970 and 1972, not all of them would 
have received optimal dopaminergic substitution dur- 
ing the early stages of the illness, perhaps accounting 
for some of the excess mortality. 

In a recent analysis of mortality among the 800 pa- 
tients with early PD enrolled in the DATATOP trial, 
the overall death rate was 17.1% over 8.2 years of ob- 
servation, corresponding to 2.1% per year. 16 The mor- 
tality rate was substantially lower , than that reported in 
most of the previous studies and was even lower than 
the expected mortality rate of an age-matched United 
States population not affected by PD. Increased life ex- 
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pectancy due to deprenyl treatment has been reported 
by Birkmayer et al. 57 but the DATATOP mortality 
rate was unaffected by deprenyl, tocopherol, or com- 
bined treatment. 

In contrast to these findings, the Parkinson's Disease 
Research Group (PDRG) of the United Kingdom re- 
ported increased mortality associated with deprenyl 
treatment when given as adjunct to levodopa in an 
open-label study in patients already disabled at entry. 31 
A total of 782 patients were enrolled between 1982 
and 1990 and were randomized to one of three treat- 
ment arms: (a) standard levodopa. treatment; (b) stan- 
dard levodopa and deprenyl; or (c) bromocriptine. The 
average follow-up for the study of mortality was 5.6 
years, and data have been reported only for arms 1 and 
2. The ratio of mortality in arm 2 (levodopa with de- 
prenyl) compared with arm 1 (levodopa alone) was 
1.57, and the difference in survival between the two 
arms was significant. Therefore, mortality among 
deprenyl-treated patients was 60% higher than that in 
patients without deprenyl. There was no obvious ex- 
planation for this finding. However, in contrast to the 
DATATOP trial, the United Kingdom study was char- 
acterized by its open-label design and also its recruit- 
ment of slighdy older, more disabled subjects requiring 
symptomatic antiparkinsonian therapy. In addition, 
there has been major criticism of its methodology. 58 In 
the recent SINDEPAR study, 101 untreated PD pa- 
tients were randomized to receive deprenyl or placebo 
followed by symptomatic treatment with either levo- 
dopa or bromocriptine. 17 After a mean follow-up of 
4.5 years there were six (12%) deaths in the placebo 
group and three (6%) deaths in the deprenyl group. 
Although this difference was not significant because of 
relatively small patient numbers, Olanow et al. 58 con- 
cluded that there was certainly no increased mortality 
in deprenyl-treated patients. Finally, there are seven 
other controlled long-term trials of PD patients treated 
with deprenyl and/or levodopa who have been followed 
for a minimum of 3.5 years. Deaths were observed in 
.5.2% of 524 deprenyl -treated patients and in 5.5% of 
658 non-deprenyl- treated patients. These differences 
were again not statistically significant. 

Available studies on the mortality in PD therefore 
provide confusingly heterogeneous mortality ratios 
ranging from below 1 to threefold that of a standard 
population. These conflicting data are probably due to 
wide discrepancies between patient populations studied 
with respect to co-morbidity, stage of disease at entry, 
and diagnostic accuracy. The most recent data from 
the DATATOP cohort suggest, however, that carefully 
selected patients with early and "pure" PD without sig- 
nificant co-morbidity have "supernormal" life expect- 
ancy when adequately treated and regularly followed at 
specialist centers. The impact of levodopa, although 
beneficial in the early years of treatment, does not ap- 



pear to afreet mortality in the long term. Likewise, 
contrary to earlier claims, deprenyl treatment is not as- 
sociated with increased life expectancy in PD, but there 
is also no convincing evidence that it contributes to 
excess mortality. 



Conclusions 

Despite all recent attempts at developing neuroprotec- 
tive treatments, PD remains a relendessly progressive 
disorder. Available clinical data, however, suggest that 
PD exhibits considerable heterogeneity when indices of 
progression and mortality are studied. Although a 
number of modifying factors have been identified clin- 
ically, it is worthwhile to try to define subgroups of PD 
with different progression characteristics. It may well 
be that, similar to other disorders, any preventive neu- 
roprotective strategy may have an effect restricted only 
to certain subsets of patients and that such effects may 
get lost when cohorts with different underlying charac- 
teristics of progression are studied. 



We thank Dr L Schclosky for analyzing die data on so mat o topic 
disease progression and Dr M. Gollner for preparing Fig 2. 
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Clinical review 



Science, medicine, and the future 
Parkinson's disease 

A H V Schapira 



Parkinson's disease is the commonest neurodegenera- 
tive disease after Alzheimer's disease, with an estimated 
incidence of 20/100 000 and a prevalence of 
150/100 000. It is characterised clinically by asymmet- 
ric onset of bradykinesia, rigidity, and, usually, resting 
tremor. The cause of the most common clinical 
features is the death of dopaminergic neurones in the 
substantia nigra of the midbrain. Lewy bodies are 
present in a proportion of surviving neurones. At the 
pathological level there is overlap with other neurode- 
generative disorders including Alzheimer's disease, 
and this has been used to support the view that these 
diseases may share some common pathogenetic 
mechanisms. 

Parkinson's disease causes substantial morbidity 
and results in a shortened life span. It also has consid- 
erable economic consequences, including loss of earn- 
ings, cost of care, and cost of drug treatment (currently 
calculated at $l.lbn (£700m) worldwide). A major 
problem for researchers and clinicians is that, by the 
time patients' symptoms become sufficiently apparent 
for them to seek help, about 70-80% of their dopamin- 
ergic neurones may have already died The length of 
the presymptomatic phase or incubation time of the 
disease may vary depending on the cause (fig 1). The 
main challenges in the treatment of Parkinson's disease 
are therefore (a) to protect dopaminergic neurones so 
that either the disease is prevented or its progression is 
slowed and (b) to provide treatment early to "rescue" 
neurones at risk. 

Aetiology and pathogenesis 

It is becoming clear that Parkinson's disease is probably 
not one disease but several with common clinical, 
pathological, and, possibly, biochemical end points. 
Although the neurotoxin l-methyl-4-phenyl- 1,2,3,6- 
teu^ydropyridine (MPTP) is the only environmental 
agent identified so far that is known to be capable of 
causing parkinsonism (and has done so within 14 days 
of exposure), other environmental factors such as use 
of pesticides and herbicides have been linked with an 
increased risk of disease. 

There is increasing evidence for a genetic 
component in the cause of Parkinson's disease. Several 
population based studies have found an increased risk 
(2-3 fold) of developing Parkinson's disease in first 
degree relatives of a patient 1 Furthermore, mutations 
in the a-synuclein gene on chromosome 4 5 3 and the 



Predicted developments 

Research into the causes of Parkinson's disease 
are likely to show that multiple genetic and 
environmental factors are involved 

Disease of early onset is more likely to be genetic 

Modifying the use of drugs already available will 
improve control of symptoms 



New drugs acting on both dopaminergic and 
non-dopaminergic transmitter systems will 
become available over the next 10 years 



L 



Clinical trials of new drugs with neuroprotective 
and neurorescue properties are in progress 



parkin gene on chromosome 6* have been identified in 
families showing autosomal dominant and recessive 
parkinsonism respectively. These families have some- 
what atypical disease— early onset, mild or absent 
tremor, and, in families with the parkin mutation, no 
Lewy bodies. A further gene (on chromosome 2), again 
causing autosomal dominant parkinsonism, 5 is of par- 
ticular interest as several affected members of the 
different families identified had features characteristic 
of idiopathic Parkinson's disease, including age of 
onset, symptoms, and clinical course. The defect on 
chromosome 2 seems to have relatively low penetrance 
(a gene's ability to cause a disease) and might therefore 
be of more relevance to apparently sporadic disease. 
Although the a-synuclein mutations have not been 
identified in sporadic Parkinson's disease, much 
research is now focused on trying to understand how 
mutations in different genes can result in specific 
patterns of neuronal cell death and the clinical features 
of parkinsonism 

How neurones die in Parkinson's disease 

Some biochemical abnormalities have been identified 
in the affected brain region in Parkinson's disease that 
provide clues to how genetic or environmental factors 
may induce cell death. There is much evidence of 
increased oxidative stress and free radical damage in 
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the substantia nigra. There is also evidence for a defect 
of mitochondrial energy production (complex I 
deficiency). 6 In a group of patients with this mitochon- 
drial deficiency it has been shown that the abnormality 
was determined by their mitochondrial DNA. 7 Other 
studies have shown that there may be abnormal 
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Fig 1 Putative time courses for loss of dopaminergic neurones from 
substantia nigra relative to different aetiologies of Parkinson's 
disease, (a) Environmental cause of disease: the environmental insult 
(arrows) can occur at any time and results in rapid loss of neurones 
superimposed on age related loss (black line), (b) Genetic cause of 
disease: the rate of cell death is not known, although patients tend to 
present at younger age than usual, and rate may vary according to 
gene defect and patient's genetic background (red, green, and blue 
lines), (c) Interaction of environmental and genetic causes: 
genetically induced high rate of cell death (red line) couple with 
severe point exposure to environmental factor (arrow) results in 
early presentation; less severe genetic and environmental effects 
(green line) result in more gradual cell death; and genetic 
susceptibility superimposed on lifetime exposure to common toxin 
(blue line) may cause slow cell loss with later presentation of 
disease 



calcium handling in dopaminergic neurones and that 
the gliosis that accompanies nigral cell death may also 
have a inflammatory component 8 

The Lewy bodies found in Parkinson's disease and 
others, including motor neurone disease, are neuronal 
intracytoplasmic inclusions. In Parkinson's disease they 
seem to be collections of protein filaments including 
ubiquitin and a-synuclein (which is also a component 
of the amyloid plaques of Alzheimer's disease). This 
has lead to the suggestion that Parkinson's disease, and 
possibly other neurodegenerative diseases, may be 
caused by a fault in intracellular protein degradation 
that in turn results in protein accumulation. How such 
a defect in protein handling results in ceD death is not 
known; possibilities include a "black hole" effect of pro- 
tein attraction, aggregation, clogging of the cytoplasm, 
and impairment of intracellular function. 

Cells may die either by necrosis or apoptosis. 
Necrosis involves the disintegration of a cell and its 
organelles and its subsequent removal by phagocytosis 
through an inflammatory response. Apoptosis is char- 
acterised by chromatin condensation, DNA fragmenta- 
tion, cell shrinkage, relative sparing of organelles, and 
lack of an inflammatory response. Apoptosis may be 
programmed, as during embryogenesis, or occur in 
response to a toxic stimulus. The mitochondrion has 
recently been shown to have a critical role in the 
cascade of events that lead to apoptotic cell death. 9 
There is now evidence for apoptotic cell death in the 
brain tissue of patients with Parkinson's disease at the 
time of death. 10 

This observation may have important implications 
for developing disease modifying treatment Apoptotic 
cell death is relatively rapid. If apoptosis is active at the 
time of patients' death, it suggests that a proportion of 
neurones may have been in a pre-apoptotic phase and 
tipped over into apoptosis by the agonal state. If true, 
this would offer the opportunity not only to protect 
nigral neurones but possibly to "rescue" them (fig 2). 
Many of the biochemical events that precipitate and 
participate in apoptosis have been defined. Interest- 
ingly, both complex I inhibition and oxidative stress 
(both present in brain tissue affected by Parkinson's 
disease) may cause apoptotic cell death. 

Present treatment options 

Drug treatment 

With the exception of fetal nigral implants, all 
treatment currently available for Parkinson's disease is 
only symptomatic Because of this, and the potential 
long term complications of certain drugs, an important 
principle in treatment is to prescribe drugs only when 
the symptoms of Parkinson's disease interfere with 
function to a substantial degree. 

Levodopa is the most commonly used treatment 
for Parkinson's disease. It is always combined with a 
dopa decarboxylase inhibitor to reduce peripheral side 
effects and enhance absorption. The development of 
motor complications with levodopa limits its general 
usefulness. Direct acting dopamine agonists have been 
available for some years, but some evidence suggests 
that those developed more recently have better efficacy 
and are associated with fewer side effects. Selegiline is a 
monoamine oxidase B inhibitor and so prolongs the 
action of dopamine at the synapse. There is evidence 
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Fig 2 Neurorescue and neuroprotection in Parkinson's disease. 
Effective neurorescue at diagnosis (red line) will restore damaged 
neurones that are at risk of death (shaded area between curves) to 
normal function, and age related loss will probably be attenuated 
with continuing treatment. Neuroprotection (green line) will prevent 
further neuronal loss other than by attenuated age related loss 



that the early use of selegiline delays a patient's need 
for additional treatment by 9-12 months. Concerns 
about the safety of selegiline remain controversial. 

The newly developed catechol-O-methyltransferase 
(COMT) inhibitors increase the availability of levodopa 
to the brain, and their action is complementary to that of 
the dopa decarboxylase inhibitors. There are concerns 
about the hepatotoxicity of tolcapone, whereas entaca- 
pone, another catechol-O-methyltransferase inhibitor, 
seems safer in this respect Antimuscarinic drugs and 
amantadine remain \iable alternatives to dopamine 
related drugs, although their use is often limited by side 
effects and tolerance. 

Surgery 

The medical management of Parkinson's disease has 
its limitations, and new surgical techniques with low 
morbidity have emerged as a viable alternative for 
carefully selected patients. Pallidotomy may reduce 
contralateral dyskinesias and improve bradykinesia 
and rigidity, and thalamotomy may improve tremor. 
Deep brain stimulation to the globus pallidus or 
subthalamic nucleus may substantially improve contra- 
lateral symptoms including tremor. 11 Fetal nigral 
implants improve the symptoms of Parkinson's disease 
considerably, and postmortem examination of brains 
of transplanted patients (who had died later of 
unrelated causes) demonstrated outgrowth and new 
synaptic formation from the transplanted tissue. 12 
Despite its benefits, the application of surgery in treat- 
ing Parkinson's disease is limited: procedures carry 
some risk of injury and death, long term effects are 
unknown, and benefits are only unilateral unless 
surgery is undertaken on both sides of the brain. 

Future treatment prospects 
Immediate prospects 

The first priority is to maximise the efficacy and safety 
of the treatments currently available. It has been 
suggested that levodopa may be toxic and accelerate 
the death of dopaminergic cells. 13 There is no in vivo 
evidence to support this, and a recent paper suggests 
that levodopa might have a trophic effect on dopamin- 



ergic neurones. 14 Nevertheless, there is clear evidence 
that after two to three years of treatment with 
levodopa, an increasing proportion of patients (about 
half at five years) begin to experience fluctuations and 
dyskinesias. This probably relates to the pulsatile 
stimulation of dopamine receptors that occurs with 
levodopa and to postsynaptic changes. 

The frequency of these complications is substan- 
tially less with dopamine agonists, and, at least in 
animal models, they may not occur if levodopa is not 
used Thus, there is a strong argument for starting 
symptomatic treatment of Parkinson's disease with a 
dopamine agonist It is critical that the dose is 
increased gradually, and many neurologists favour 
covering the first two weeks of treatment with 
domperidone, an antiemetic with no extrapyramidal 
side effects. The newer agonists seem able to control 
symptoms in a substantial proportion of patients when 
used alone— for at least up to the first four years of 
treatment Levodopa will be required as the disease 
progresses and symptoms worsen. 

Medium term prospects 

Preventing or delaying the onset of fluctuations and 
dyskinesias would be a major advance in treatment, 
and trials are under way to assess the effectiveness of 
early monotherapy with a dopamine agonist A similar 
study using controlled release levodopa with a 
catechol-O-methyltransferase inhibitor in previously 
untreated patients would be needed to answer whether 
a more sustained acti\'ation of dopamine receptors 
results in a lower dyskinesia rate. 

Drugs with new forms of action, such as dopamine 
reuptake inhibitors and adenosine antagonists, have 
proved promising in animal and early clinical studies. 
Adenosine A^ receptors are present in high concen- 
tration in the striatum— the area to which the 
dopaminergic neurones of the substantia nigra project 
The A^ receptors are localised on neurones contain- 
ing y-aminobutyric acid and enkephalin, which also 
have dopamine receptors. Adenosine A^ stimulation 
has a negative effect on motor function, whereas 
antagonists (such as caffeine) can increase locomotor 
activity, particularly when dopamine receptors are 
decreased or blocked. Thus, adenosine A^ antagonists 
may present a new treatment for Parkinson's disease if 
their efficacy and safety are proved 

Long term prospects 

Neuroprotection may be defined as preventing 
neuronal cell death and maintaining function without 
necessarily affecting the underlying biochemical 
mechanisms involved in pathogenesis. At a clinical 
level, this would mean stopping the progress of the 
disease. Neurorescue could be considered a mech- 
anism to reverse established metabolic abnormalities 
and restore normal neuronal function and survival. 
Clinically, this would result in an improvement in 
symptoms as well as a halt in the progress of the 
disease. Inevitably, there will be some overlap between 
neuroprotection and neurorescue, and their relative 
benefits will vary according to the stage of disease. The 
development of such treatments is obviously limited 
by our knowledge of the biochemical events that cause 
cell death; at present only a few candidate treatments 
are available. 
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Neuroprotection is perhaps best exemplified by 
strategies designed to prevent cells undergoing 
apoptosis. Up regulating apoptosis defence genes, such 
as be) 2, or down regulating apoptosis promoting 
genes, such as bax, may be useful if effects can be 
targeted to nigral neurones. The role of the mitochon- 
drion in the apoptotic pathway is also receiving atten- 
tion as a possible site at which to direct neuroprotective 
agents. Cyclosporin A inhibits opening of the 
mitochondrial megapore, which is associated with loss 
of membrane potential and the start of apoptotic cell 
death. Both low dose cyclosporin A and its non- 
immunosuppressant analogue, N-methyl-4-valine 
cyclosporin, prevent the cell death in vitro induced by 
toxins that cause parkinsonism. 15 There is also in vitro 
evidence that selegiline and its desmethyl metabolite 
have anti-apoptotic properties. 16 However, apoptosis 
plays an important role in the immune system and in 
tumour surveillance. Anti-apoptotic treatment for Par- 
kinson's disease will therefore have to be anatomically 
selective, probably achieved through metabolically tar- 
geted delivery systems such as conversion of an 
inactive precursor to active drug possible only through 
enzymes of the central nervous system 

Based on our current knowledge of pathogenesis 
in Parkinson's disease, drugs to prevent or reduce free 
radical damage or enhance mitochondrial energy 
production should be of value. Interestingly, there is a 
reciprocal relation between mitochondrial dysfunction 
and excess generation of free radicals— the mitochon- 
drion normally produces over 95% of a cell's super- 
oxide ions, and mitochondrial inhibition results in an 
increased release of these radicals. However, antioxi- 
dant treatment has already been attempted with 
vitamin E without apparent success. 17 Nevertheless, this 
does not preclude the potential beneficial effects of 
other antioxidants such as selenium and ubiquinone, 
or a combination of such drugs. A recent trial has 
begun with patients using ubiquinone as a means both 
to increase mitochondrial energy production and 
decrease free radical release. 

Glutamate toxicity is thought to play a role in exci- 
totoxic cell death in Huntington's disease and motor 
neurone disease, and there is some evidence that this 
mode of cell death may also be important in 
Parkinson's disease. This raises the prospect that 
Af-methyl-4-valine antagonists or drugs that reduce 
glutamate release or receptor interaction may be used 
in Parkinson's disease. 

There is some evidence that inflammatory proc- 
esses may play a role in nerve cell damage in 
Parkinson's disease, although it is not known whether 
this is primary or secondary. If this is important in 
pathogenesis anti-inflammatory drugs or those capa- 
ble of modulating the immune system (such as 
non-steroidal anti-inflammatory drugs in Alzheimer's 
disease and interferon beta in multiple sclerosis) may 
be worth investigating. 

While neuroprotection or neurorescue will be 
valuable to patients at any stage of disease, treatment 
will clearly be of most value in those with early disease. 
The recent advances in the genetics of Parkinson's dis- 
ease offer the prospect of identifying and treating sus- 
ceptible individuals before clinical features appear. At 
first, this may be relevant only to members of those rare 
families with inherited Parkinson's disease. However, as 



our knowledge of the genetic component of Parkin- 
son's disease and its relevance to apparently sporadic 
disease improves, the application of such treatment 
may be more extensive. Parkinson's disease is unlikely 
to be caused by genetic factors alone, so identifying 
possible environmental contributions to aetiology will 
be important, and their removal or modification will be 
an essential part of future treatment and prevention. 

1 Golbe LL Genetics of Parkinson's disease. In: Ellenberg JH, Roller WC, 
Langston KW, eds. Etiology of Parkinson's disease. New York: Marcel 
Dekker, 1995:1 15-40. 

2 Polymeropoulos M Lavedan C, Leroy E. Ide SE, Dehejia A, Dutra A, ei ai 
Mutation in the ct-synuclein gene identified in families with Parkinson s 
disease. Science 1997;276:2045-7. 

3 KrQger R, Kuhn W, Muller T, Woitalla D, Graeber M, Kosel S, et al 
AlaSOPro mutation in the a-synuclein in Parkinson's disease. Nature Genet 
1998;18:106-8. 

4 Kitada T, Asakawa S, Hanori N, Matsumine H, Yamamura Y, Monoshima 
S, et al Mutations in the parkin gene cause autosomal recessive juvenile 
parkinsonism Nature 1 998392:605-8. 

5 Gasser T, Muller-Myhsok B, Wszolek Z, Oehlmann R, Calne DB, Bonifati 
V, et at A susceptibility locus for Parkinsons disease maps to 
chromosome 2pl 3. Nature Genet 1998;18:262-5. 

6 Schapira AHV, Gu M, Taanman J-W, Tabrizi SJ, Scaton T, Cleeter M, et al. 
Mitochondria in the aetiology and pathogenesis of Parkinson s disease. 
Ann Neurol 1998;44(suppl l):S89-98. 

7 Gu M, Cooper JM, Taanman J-W, Schapira AHV. Mitochondrial DNA 
transmission of the mitochondrial defect in Parkinson's disease. Ann Neu- 
rol 1998;44:177-86. 

8 Hirsch EC, Hunot S, Damier P, Faucheuz. Glial cells and inflammation in 
Parkinson's disease: a role in neurodegeneration? Ann Neurol 
1998;44(suppl 1):S 115-20. 

9 Zamzami N, Hirsch X Dallaporta B, Petit PX, Kroemer G. Mitochondrial 
implication in accidental and programmed cell death: apoptosis and 
necrosis. J Bioenerg Biomembr 1997;29: 1 85-93. 

1 0 Tatton N A Maclean-Fraser A, Tatton WG, Perl DP, Olanow CW The fluo- 
rescent double-labelling method to detect and confirm apoptotic nuclei 
in Parkinson's disease. Ann Neurol 1998;44(suppl 1):S 142-8. 

1 1 Limousin P, Krack P, Pollack P, Benazzouz A Ardouin C, Hoffmann D, et 
al. Electrical stimulation of the subthalamic nucleus in advanced Parkin- 
son's disease. N Engl J Med 1998;339: 1 1 05- 1 1 . 

12 Olanow CW, KordowerJH, Freeman TB. Fetal nigral transplantation as a 
therapy for Parkinson's disease. Trends Neurosd 1996;19:1 02-9. 

13 Fahn S. Welcome news about levodopa, but uncertainty remains. Ann 
AVuro/1998;4S:551-4. 

14 Murer MG, Dziewczapolski G, MenaUed LB, Garcia MC, Agid Y, 
Gershanik O, et al. Chronic levodopa is not toxic for remaining 
dopamine neurons, but instead promotes their recovery in rats with 
moderate nigrostrial lesions. Ann Neurol 1998;43:561-75. 

15 Seaton TA, Cooper JH Schapira AHV. Free radical scavengers protect 
dopaminergic cell lines from apoptosis induced by mitochondrial 
complex 1 inhibitors Brain Res 1 997;777: 1 1 0-8. 

16 Mytilineou C, Radcliffe PM, Olanow CW. L-(-)-desmethylselegiline, a 
metabolite of selegiline [L-(-)-depreiiyl], protects mesencephaliic 
dopamine neurons from excitotoxicity in vitro. J Neurochem 1997; 
68:434-6. 

17 Parkinson Study Group Effects of tocopherol and deprenyl on the 
progression of disability in early Parkinson's disease N Engl J Med 
1993328:176-83. 



Endpiece 

New Year's Eve 

Every man has two birth-days: two days at least, in 
every year, which set him upon revolving the lapse 
of time, as it affects his mortal duration. The one is 
that which in an especial manner he termeth his. In 
the gradual desuetude of old observances, this 
custom of solemnising our proper birth-day hath 
nearly passed away, or is left to children, who reflect 
nothing at all about the matter, nor understand 
anything in it beyond cake and orange. But the 
birth of a New Year is of an interest too wide to be 
pretermitted by king or cobbler. No one ever 
regarded the First of January with indifference. It is 
that from which all date their time, and count upon 
what is left. It is the nativity of our common Adam. 

Charles Lamb, The Essays of Elia (1895) 
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